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ABSTRACT 


This  report  is  devoted  to  the  desprlption  and  theoreticaiL  and 
experimental  analysis  of  a new  AC  Phase-Sensitive  (Push-Pull)  Magnetic 
/mpUHar,  invented  by  the  author,  called  the  Split-Feedback  Push-Pull 
Magnetic  Amplifier. 

In  this  new  circuit,  the  feedback  windings  are  split  and  arranged 
in  such  a manner  that  the  aupliflcation  is  high  when  load  current  flows 
and  is  very  low  ^en  there  is  no  load  current  ( and  circulating  current 
flows) . 


This  amplifier  is-  compared  in  detail  with  the  Voltage  Doubler 
Push-Pull  Magnetic  Arplifler.  Its  principal  advantage  over  the  latter 
is  its  low  circulating  currents,  which  have  a maximum  rectified,  average 
value  of  one-half-  the  maximum  load  current.  -The  gain  capabilities  of  the 
new  anplifler  are  theoretically  as  great,  and  in  practice,  greater  than 
those  of  the  Doubler.  In  addition  it  has  significant  adirantages  over  the 
Doubler  with  respect  to  'sensitivity  to  variations  in  Bias  or  Line  voltages^ 
ease  of  Bias  adjustment,  and  behavior  in  the  saturated  range.  The  price 
paid  is  a slight  increase  in  complexity  and  the  possibility  that  a larger 
number  of  rectifier  discs  may  be  needed. 

It  is  suggested  that  the  reader  idio  is  jjiterested  in  conclusions, 
rather  than  details,  read  Sections  I and  VTI  and  note  Figures  MRI-13397> 
MRI-13398,  MRI-13li00a  thru  13l;D0c,  MRI-13J4l2a,  MRI-13l02b,  MRI-I3I4I3*,  and 
MRI-13l4l3b. 
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SIMBOLS 


As  eacjh  symbi>l  is  introduoe-i  it  is  defined  in  the  report  or  in 
the  figures  and  thereafter  used  ■with  no  further  coimnenta  In  addition, 
a key  t.o  the  symbols  is  herewith  presented® 


‘•1-^  ^2^ 


« mesh  currents 


i,  I 


o 

$ 


-»  load  currents 


I.,  Ip  I eto. 
.1.  c m 


- rectified  average  values  of  currents 


r,  r.  etc. 

0 b 


m 


true  average  values  of  currents 


IqJ 

I 

X 

V 


- maxiraum  rectified  average  load  current  » (2/jx)(  V^*R^) 


- maxiimim  rectified  a'\''erage  circulating  current.  = 

- bias  and  control  currents  respectively 

- a ciT'cuit  par'ameter  « 2 (N-j^/ll) 

- control,  bias  and  load  core'  turns 

- total  mesh  resistance 


2 m 
n ~f 


R 


that  portion  of  the  mesh  resistance  which  is  common 
t<  both  meshes,  i»e®,  the  load  resistance. 


r 


- that  portion  of  the  mesh  resistance  which  is  not 
.common  to  both  meshes.  R.  ^ R + x. 

Tj 

- peak  value  of  applied  voltage  per  mesh 


V 


sm 


" peak  value  of  roixd.rauni  AG  voltage  which  saturates  a 
C'-»ra  of  N turns 


m 


s 


- magnetic;  ilux  in  webers  = 

- magneti.i  flux  in  webers 

- a cix*cxd.t  parameter,  whose  value  = 1 + R/R,^ 


d - b 
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I»  Pash-Pall  Magnetic  Amplifier  Types  and  the  Problem  of  Ebccess  Currents 

This  report  is  concerned  with  magnetic  amplifiers  whose  output 
is  an  AC  signaL,  (at  excitation  frequency),  phaae-aensitiTe  to  the  polar- 
ity of  the  input  DC  (or  low  frequency)  signal,  tisually  referred  to  as  the 
AC  Push-Pull  Magnetic  Amplifier. 

A.  Classification  on  the  Basis  of  Load 


Such  amplifiers  may  be  divided  into  two  classes  based  on 
whether  the  load  is  or  is  not  split  and  electrically  isolatfed  into  a 
pair  of  2-terminal  loads.  When  such  a split  load  is  available,  the  Push- 
Pull  circuit  consists  of  two  meshes  (with  half  the  load  in  each  mesh), 
which  are  electrically  Isolated  from  each  other  (lig.  MRT-13389a)j  and 
so  there  are  two  sirtple  circuits  unaffected  by  the  manner  in  which  they 
are  being  used.  No  further  comment  need  be  made  on  this  class. 

The  second  class  of  Push-Pull  Amplifiers  consists  of  those 
where  there  is  some  coupling  between  the  two  meshes.  This  class  includes 
two-terminal  loads  as  such,  (Fig.  MRI-13389b),  split  loads  with  coupling 
between  the  two  parts,  as  well  as  2-terminal  loads  with  mixing  resistors 
(Fig.  MRI-13309C). 

B.  The  Problem  of  Excess  Currents 


The  nature  of  the  unconstrained  magnetic  amplifier  is  such  that 
current  flows  in  any  mesh  during  a portion  of  the  cycle  only.  It  is  con- 
venient to  divide  the  half  cycle  of  excitation  frequency  into  the  regions 
(Fig.  MRI-13390)t  ■ 

(1)  from  0 to  when  neither  mesh  conducts,  i^  ■ i2  ■ 0* 

_(2)  from  Aj^  to  A2  when  only  one  mesh  conducts,  i^^  ■ ‘*'Atfi2  “ 
with  as  the  total  mesh  resistance. 

(3)  from  A2  to  m when  both  meshes  conduct,  i]^  ■ v/r  " i-2»  w'here  r 
is  the  winding  and  rectifier  foi^ward  resistance. 

Load  current,  i,  (-  i^  - 12)  flows  only  f^m  An  to  A£,  while  from 
A2  to  K,  very  large  currents,  depending  on  the  ratio  of  R-t  to  r,  flow  around 
the  outside  loop.  Now  the  magnetic  an^^llfier  must  be  designed  on  tlie 
basis  of  the  maximum  dissipation  in  its  windings  (to  a greater  or  lesser 
extent,  depending  on  the  duty  cycle).  We  may  define  Relative  Excess  Current 
as  the  difference  between  the  maximum  current  In  the  arapUfler  and  the 
maximam  current  In  the  load,  divided  by  the  maadaum  load  current.  By  currents 
here  we  mean  rectified  average  currents. 
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C»  Claaslflcation  into  Current  and  Voltage  Type  Amplifiers 

For  tlie  purpose  of  discussing  excess  currents,  it  is  appropriate 
to  distinguish  between  two  aaplifler  categories,  idiich  categories,  of  course 
have  nothing  to  do  with  the  previous  classification.  One  of  these  may  be 
called  the  "Current  AmplLfd.er*  because  the  output  current  is  (over  the 
anqplifying  range)  some  constant  times  the  input  current,  independent  of  the 
load  or  the  excitation  voltage.  There  is  no  excess  current  problem  here. 

The  mesh  currents  are  held  within  bounds  and  although  the  circulating 
curr.ents  may  be  instantaneously  large,  their  duration  must  be  correspond- 
inglijr  small.  The  disadvantage  of  this  iype  is  its  relatively  low  ampere- 
turns  gain. 


The  second  category  of  auplifiar  may  be  called  the  "Voltage 
Aitplifier"  Ijecause,  over  t he  amplifying  range,  it  is  the  portion  of'  the 
voltage  cycle  across  the  load,  which  is  varied  - from  0 to  100^.  The  out- 
pat  is  voltage  rather  than  current  so  that  the  latter  is  definitely  a 
function  of  the  applied  voltage  and  resistance.  There  are  no  other  bounds, 
as  there  are  in  the  current  ait^Jlifler,  within  which  the  rectified  average 
mesh  currents  must  stay.  Excess  currents,  therefore,  are  a serious 
problem  with  this  high-gain  amplifier.  'When  the  high  gain  capabilities 
of  the  core  are  e3q)loited,  this  is  the  type  that  resifLts. 

D«  The  Split-Feedback  Circuit  as  a Solution  to  the  Problem 

The  question  is  idiether  we  can  find  a circui.t  that  is  a combina- 
tion of  the  better  parts  of  the  voltage  and  current  anpUfier,  so  that  we 
may  have  high  gain  with  a check  ontiie  circulating  currents.  Such  a cir- 
cuit is  described  and  analyzed  in  detail  io  this  thesis.  It  is  called  the 
"Split-Feedback  Push  Pull  AnpUfier"  (Pig.  MRI-13397)*  Feedback  windings 
are  split  and  arranged  in  such  a manner  that  when  the  two  mesh  currents 
are  equal  (i.e.,  when  the  circulating  currents  flow)  Share  is  no  net  feed- 
back effect.  However,  when  only  one  mesh  current  flows  (load  current), 
then  there  is  a feedback  effect. 

As  regards  circulating  currents  it  will  be  seen  that  at  zero 
control  current  (i^  - O),  - l2  “ (N^^)I]b  capitalized  means 

rectified  average  currents.  Thereafter  when  control  current  flows,  the 
circulating  current  decreases,  as  can  quickly  be  seen  as  follows*  The 
half-cycle  may  be  divided  into  3 regions  — - Hegion  1,  when  all  cores 
are  unsaturat^  and  all  currents  are  zero;  Region  2,  the  load  current 
region,  where  ij^  (say)  ^ 0,  and  i2  ■ 0 while  Region  3 is  the  circulating 
current  region  where  i^  • ig. 

In  Region  2 ...  N(1  - b)  - ^c2^c  " 
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In  Region  3 • m ^o2^0  " ^2^ 


^ “ ^2  * ^ol  “ ^c2 


Averaging  the  above  resxilta  Int 


lei  - (HA,)  (1  - . (hA^) 

1,2  - b(NA^)  * (ha^) 

Subtracting,  thez^  resulta 


^load  - <Vn) 


^c2> 

(1  - 2b) 


(N^N) 


(l-2b) 


vhlle  adding,  ve  have 


♦ Ic2  ■ 2^  ■ (HA,)  ^ 2(HA,) 

Thweforej^M  Increases,  must  decrease  since  ihe  left-hand  side 

of  the  equation  Is  a constant  ana  when  2Iv  - (N^  )It  (maxiniuin  oul5)ut  for 
optimum  blaeing),  Is  aero.  Thus,  in  the  usefEL  range  the  circulat- 

ing current  Is  always  Boimded  idiile  the  gain  is  that  of  a circuit  with 
100%  feedback  if  b - (N^^)  - l/2.  The  mari-mnm  rectified  average  value 
of  the  circulating  current  is  (N^)  which  is  exactly  half  the  maximum 
( optimum  biasing)  output  cnirrent. 


A detailed  mathematical  analysis  is  presented  in  Section  3 but 
since  this  circuit  possesses  many  of  the  properties  of  the  push-pull 
current  an?)lifier,  the  latter  will  first  be  analyzed.  While  it  may  be, 
only  of  moderate  interest,  its  inodes  of  operation  are  very 
similar  to  those  of  the  more  complicated  split-feedback  circuit  and  so:, 
provides  a good  introduction  to  it. 


II'<  The  AC  Push-Pull  Current  Amplifier 
A.  Analysis 


The  circuit  is  presented  in  Jig.  MRr-13391a.  Bias  and  control 
currents  are  taken  as  flowing  in  the  sane  winding  for  convenience  in 
analysis.  Ideal  B - H relationship  is  assumed  (Fig.  MRI-l3391b). 
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Mj.li  includes  coil  resistance^  and  any  other  mesh  resistance  not  common 
(as  is  R)  to  both  meshes* 

For  Rq  « 0 we  have^  in  the  usual  manner^! 

“ constant*  «•$+$_  ) 
la  lb  s ol  ' 

’ (1) 

*2.  * *2b  ■ -*t*  *o2  ) 

Ve  also  have  the  mesh  equations  t 

T . . SI2  * K(i^  - - Slj  » 

V "“Ri^  *"  ^^2a*  ® ^ 

The  imnf  equations  for  the  cores  arei 
- ^a  - Wc  «lb\  - ^ - "cl\  - 

) (3) 

^2a  - ^2^c  * V ^2b  - "c2Nc  " ^2^) 


2»^la> 


) (2) 


Ve  may  assume  any  mode  of  operation  to  begin  with  and  find  what 
It  leads  to*  At  random^  then^  all  cores  are  unsaturated*  Using  (3)«  all 
oorrents  are  zero  since  all  h*s  are  zero*  Using  (2), 

\a  “ Ab  " *2a  • *^2b  “ 

since  the  inductance  is  Ihfinite* 


At  some  time,  say  at  wt  - A^,  a core  will  saturate  and  with  no 
loss  in  generality  take  it  to  be  in  mesh  1^  either  la  or  lb*  Ve  may  also 
assume  operation  until  now  in  the  positive  half  cycle  with  positivei 


(i)  Core  1^^  saturates 

*1.  ■ *.  » ‘lb  ■ *01 
*^b  ■ “I  1-2  ■ ^o2  ■ ° 

%"c  * V ■ l%l*  ■ Mb 
- tAj  - 1 - (ny>l)iel 

4jj  • -^2b  • 


(ii)  Core  1^  satruates 

*Xb  ■ -*»  » *1.  ■ *01 
•bji  * 0|  1-2  ■ ic2  ■ “ 

^cl»o  - ■ V. 

Same 


Same 
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This  will  contlme  until  either  one  of  No*  2 cores  saturates 
or  until  the  saturated  core  of  Mesh  1 unsaturates.  The  latter  case 
will  be  recognized  as  the  limit  cas®  of  the  former*  Following  up  with 
the  two  alternatives  of  core  2®  or  core  2b  saturating  at  wt  kZt  less 
than  TCI 

(ili)  Core  2^^  saturates  (iv)  Core  2^  saturates 

*2a  " *s  » ^ *2b  " -*s^  ^a“ 

^ “ i2  " Wc  ■ H “ ^2  “ ^c2^c^“-l^2l^ 

This  will  go  on  until  one  or  more  cores  unsaturates  which  they 
will  ail  do  simultaneously  at  wt  ■ n since  here  all  currents  are  zero* 

In  the  negative  half  cycle  we  begin  with  all  cores  tinsaturated 
until  wt  >•  when  on®  of  No*  1 cores  saturates  first*  This  follows 

trom.  our  assnnption  that  No*  1 fired  first  in  t he  positive  half  cycle, 
since  /^T  d#  ■ 0,  so  that  there  must  be  symmetrical  operation* 


(i)  Core  l^j  saturates 

*11=  ■ ‘b.a"  °»  ^2'  ^2  ■" 

■'At  ■ 

‘ -V  ■ 1^1"  - Vc 


(iH)  Core  saturates 

*2b"  *s»  h~ 

io2"c  ■ -^2"  ■ ^ ^ ■ ® 


(11)  Core  1^  saturates 

♦la  ■ V °t  *2-  ^2-  0 
same 

♦cl\  ■ V - -fill''  - w 


(iv)  Core  2^  saturates 
*2a'  -*=»  0»  ^l"  *2"  'A 

^c2®c  ■ V ■ -<^2l'*» 


The  sbove  continues  u^itil  wt  « Ag  ♦ Ji,  "vdiem 


B«  Modes  of  Operation 

For  a coit^jlete  cycle  we  have  the  possible  combinations  l 
(l)  « i and  iii  (2)  ••  1 and  iv  (3)  - ii  and  ili  (Ij.)  - ii  and  iv* 
Combinations  3 and  U require  that  1^2  t>e  positive  and  Id  negative,  so 
that  for  t he  polarities  of  Bj,  and  as  in  Fig*  MRI-13391a,  only  the  first 
tito  are  ikjssible*  The  corresponding  waveforms  are  drawn  in  Figures  MRI- 
13392a  tad  MRI-13392b*  For  Combination  it  should  be  noted  that  Ko  - $-}_ 
+ ^ - *4g  f-  «b2* 
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To  find  over  what  ranges  Combinations  1 and  2 are  valid,  con- 
sider the  situation  when  Tg  - 0,  and  is  & particular 

case  of  No*  1*  As  Increases,  we  have  No*  1 with  the  relations: 


^c2“o  - V'  Vc  ■ <^ci-  Wc  ■ «■ 

(iy2)(l  ♦ cos  Aj)  i*ere  - (2/n)  7 Jr, 

SO  that 

oos  Aj  - 2 (Ij,  - ^)/l^  • 1,  where  - l/2  + I^2>* 

Thus  as  !(.  Increases,  cos  A2  becomes  more  negative,  i*e*,  A2  shLftv  to  the 
rigjit  towards  n*  SimultaheoUaOLjr  A-  shifts  to  the  left  in  order  that  I, 
remain  equal  to  (N^/N)  - (Nq/N) 

(1)  Case  less  than  (I^-  2(Nj/N)  which  here  - 2(N^)I^.) 

The  limit  of  the  above  mode  is  reached  either  wlien  A^  ■ 0 or 
Ao  “ n,  whichever  occurs  first*  At  A2  ■ n,  l2  ■ Ip2  ■ 0 so  that  Ib  “ I{j/2 
and  I - (N(,/N)Iq  « 2(Ho/N)Ib  “ ^(^8*  MHE-l3393s;*  Obviously,  in  order 
for  t hts  to  happen  it  is  necessary  that  where  ■ (2/n)7j„^. 

If  Jx^  Ijns  occur  first.  For  the  condition  when 

is  increased  beyond  the  point  where  I « “ 0,  goes  negative  and  conn 
blnation  2 applies*  But  now  " Alz  “ (N  /N)AI^2  algehrically,  so 
that  AI  - 0,  i*e*,  the  outfjut  s^ttirates.  This  will  continue  until  A^-  0* 


^cl^c  - ^l^J 
I2  - (2A)  / io  dto)  ■ 


- As  Iq  is  progressively  increased,  the  cores  of  mesh  1 remain 
saturated  throughout  the  entire  cycle  wliile  the  relation  AI2"AIq/2(I/jj/^) 
persists,  so  Ihat  AIi  becomes  proportional  to  area  E in  Pig.  MRI»13393b 
while  AIo  - becomes  proportional  to  areas  E + F.  And  now  AI  (o*to  -F)  - 

^ decreases  Uneajfly  with  I_  at 

a rate  equal  to  (N«/lJ)l/2  (r/Si*)  until ‘A2  “ 0,  when  ^ ■ ^2  " ®nd  all 
cores  are  saturated  over  the  en&re  cycle*  ” 

(2)  Case  1 less  than  1^ 
m X 


On  the  other  hand(,  if  I < 3L  then  At  " 0 occurs  before  Ao  * x* 

»!•”  -,.9*  - “f  *2>  ■ <?cA0  (lb  ♦ V2,I»)|  ^ 

A2),  resulting  in  Iq(1  - r/2Si.)-  X w/N„-Ivr/^ 


(It,  - tj2)  - 3/2(1  + cos 

at  Ai  • 0.  This  value  of  I,,  marks  the  limit  of  the  main  ampH 
and  the  maxlmom  output  for  this  range  is  therefore 


range 


N, 


N 


(»o/'»)io  ■ "IT  ^ 

l.r/2Rj 


^ I_  *• 
n 


(»yK)I^(rAt) 
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Thereafter  as  increases  the  cores  of  mesh  1 remain  saturated 
while  Alp  “ (Nc/N)AI-/2,  so  that  now  the  output  increases  with  I at  a 
rate  equal  to  (Nc/N)r/2^  until  I - Ij„  (M-g*  MHI-13393c,  AI  - H).  After 
that,  as  Ic  increases^  I decreases  at  the  same  slow  rate  until  it  is 
zero  and  - Ig  * 

When  I - Ijn,  - 0 and  A2  ■ n simultaneously,  achieving 
maxiinam  output  within  the  an?)lifying  range. 

3«  Rating  of  Cores 

It  should  be  noted  that  when  Ag  ■ n and  A^^  * 0, 

/’^/“dipo  - (d)  vdt/2N  - (d)  V /wN  - (d)$  ^2$  . 

o o ® ms 

Pbr  R»r,  so  that  as  coD5>ared  to  *,^^2$^  for  the  sin^e  mesh 

circuit. 


C.  Eacperimental  Work 

Pig.  MRI-I3394  compares  the  theoretical  and  experimental  results 
for  while  Pig.  MRI-13395  does  the  same  for  ^he  minor  dif- 

ferences can  be  ascribed  to  finite  magnetizing  current  and  to  the  difficulty 
in  estimating  correctly  the  rectifier  forward  effective  resistance.  Pig. 
MElI-13396a  displays  the  waveforms  for  the  case  where  I^^^m  point 

where  the  limit  of  the  amplifying  range  is  reached.  Tne  results  should 
be  compared  to  Pig.  MRI-13392a  containing  the  theoretical  waveforms.  To 
chock  for  1^,1  and  i^g  of  MRI-13392a,  note  that  i^  + ±c/2  « ig^^j 
fb  * fc/2  “ Ic2* 

The  relatively  minor  difference  in  flux  waveforms  between 
theoretical  and  experimental  is  of  course  due  to  the  finite  values  of 
R*  and  Rjj  which  were  taken  as  zero  in  the  analysis. 

Pig.  MRI-13396b  displays  waveforms  in  the  amplifying  range* 

Again  the  minor  deviations  f^ra  theory  In  the  flux  waveforms  are  due  to 
the  finite  values  of  control  and  bias  circuit  resistance. 

Excess  Currents 

For  practical  pnzposes  would  be  miade  eqpal  to  so  that  the 
naxlmium  output  is  obtained  In  t he  amplifying  range,  together”^ th  zero 
excess  currents.  At  zero  Input,  the  quiescent  ( circtilttlng)  current  Is 
ljg/2,  while  the  maximum  output  current  is  twice  this  value* 

In  the  next  section  we  will  analyze  the  Split-Feedback  circuit 
on  the  same  basis  of  ideal  B-H  reGLatlcnship* 
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m»  Analysis  of  the  Split  Feedback  Puah-Pall  Amplifier  Based  on  Ideal 
B~H  Characteristics 

A>  Analysis  (Fig.  MRI-13397) 

The  ideal  B-H  relation  has  been  drawn  in  Pig.  MRI-13391b*  While 
this  will  result  in  infinite  gain  in  the  anplifying  range,  the  analysis  is 
nevertheless  very  useful  in  deducing  the  various  modes  of  operation.  In 
Section  V an  analysis  will  be  carried  out  based  on  a more  correct  B-H 
relationship. 


We  proceed  now  in  a manner  very  similar  to  Section  II,  with 
identical  notation.  As  before,  for 

Rc  - Rb  “ 0,  ^2a  “ hh 

V “ R^i^  “ 2N#2,^(K.g*  MRI-13397) 

- l%IV  - ^ci"o 

hb-  -V  * 1%,!  V . i ,N 

Cl  c 

^a“  ^c2^c 

"^2^  *"  1^2  ^g2^c 


(5)  & (6) 

(7) 

(8) 

(9) 

m 


- We  sha'il  now  prove  the  following  to  be  trues 

( a)  When  i-j_  > 0 and  0,  0,  « -t^,  h.j^^  « 0 

(b)  « " « » " ■<  0,  0,  $.3  - -§g,  = 0 

(c)  " i^«<  0 " " >0,*'  >0,  " " 


(fl) 

n 

II 

- - " < 0,  hjp-  0,  hj  j,  . 0 

(e) 

« 

0 and  1^2>0,  h2^<0,  - -*g,  hg^  - 0 

(f) 

M 

n 

" V°»  ^2b  ” -*s»  ■ ° 

(g) 

II 

V 

<M 

•ri 

0 and  *Zb  ” *s»  *V»  ' ° 

(h) 

II 

ig< 

0 and  lj,2<d,  hg,>0,  »g^  - hgj,  - 0 

(i) 

II 

0,  lljlNj,  ■ rod  - 0 

(J) 

M 

h “ 

0.  I\l»f  - »«i  hj^  - hg^  - 0 

(k) 

II 

% “ 

^ ■ ^cl  “ ^C2  " “ “^b  “ V ■ ” ®* 
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The  above  is  trae  providing  the  parameters  of  the  circuit  are 
such  that  both  cores  of  any  mesh  cannot  saturate  simultaneously*  (i) 
is  proven  by  adding  (7)  and  (8)  giving  h]_^  h]_^  « 0»  and  then  sub- 
tracting (7)  from  (8),  giving  hxt)  - h^a  *=  Si^X^^  - gJiglNf.  Since 

either  hxij  or  hxa  imist  be  zero,  both  must  be  zero  in  this  case  and  ' 

therefore  i-tN/,  •=  |i„|N^*  is  sirailatiy  proven  from  C?)  and  C^)# 

while  (k)  foEows  from  li)  and  (j).  . 

Statement  (b)  is  proven  as  follows  s 

(7)  + (8)  yield  + h^.^  »=  - 

(7)  - (8)  slsM  hj,  - lib  - ♦ ^holl^o 

NoW,  if  hx^  “ 0,  then 

- -21^K  « t 2|ig|Sj  + 2|ijK^^ 

and 

-I3N  * lillff  - Il2i%  * |i„ilV 

The  left  side  is  negative  because  ix>^0  and  which,  (^oesn*t  agree 

with  the  fact  that  the  right  side  is  positive*  Therefore  / 0.  If 

Ea  “ =»  -li2l%  =*  -jiQ2_|l^Q  where  b » and  there 

is  no  such  contradicUon*  Since  hxa  + bxb  is  negative,  from  (7)  + (8), 
one  of  them  must  be  negative,  and  the  other  zero,  and  the  latter  must  be 

^a* 


Stateauents  (d),  (f)  and  (h)  are  proven  in  the  same  manner* 
""The  prodf  of  stabemOTt’(a)  runs  as  foilowsj 
hi  - ij.b  = -a-jN 

therefore  one  must  be  negative,  the  other  zero. 

•■lb  - hi  - 2(ii:i,IHf  ♦ - I%IV 

which  is  positive  if 


If  this  is  always  true,  then.,  following  the  reasoning  in  proving  (b), 
0,  0*  We  must  therefore  prove  that  |ixl%  “*■ 
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If  both  ±1  and  ±2  / « ±2  by  considaring  equations  (5)  and  (6)  and 

noting  that  if  i;^  / %a  “ because  of  infinite  inductance*  If  ±0  / 0^ 
■ 0,  and  therefore  if  i^^  0,  i2  / 0,  i^  ■ i2  from  (5)  and  (6)  and  the 
relation  jiljNf  + ig-iNc  > |i2lNf  is  certainly  true*  If  i^^  / 0,  i2  “ 0,  it 
is  certainly  1^e.  The  only  altemative  left  is  that  i-j^  « 0^  i£  / 0,  and 
it  is  not  tenable  because  it  contradicts  the  assumption’  under  ( a) ^ that 
ix  > 0* 


Statements  (c),  (e)  and  (g)  are  similarly  proven. 

We  may  conveniently  begin  at  that  part  of  the  cycle  (positive 
half  when  all  the  cores,  are  uijsaturated  with  all  h's  zero,  so  that  all 
i*8  are  zero  and  ®Xa  “ ^b  “ ^2a  “ ^b  =*  -V  Sin  wb/2N*  At  some  time, 
say  at  wt  « Ax,  a core  will  saturate  and  wi^  no  loss  in  generality  take 
It  to  be  in  mesh  1.  The  procedure  is  now  the  same  as  in  the  current  aoH 
pllfier. 


(i)  1^  saturated 

\a  “ ^lb-^ol3  ^b“  ^2“  0 
icl^c“  ix^U-b)-|i|N(l.b)-|i^(N(l^) 

^c2V 

^2a”  ^2b  “ 

At  wt  “ Ag,  one  of  mesh  2 
(iii)  2^  saturated 

*2."  -*s>  *2b'  *o2>  ^ ° 

lc2»o-  I ^2 1"*  *1-  V ''A* 


(ii)  1^  satxirated 
V ^la“  ^01^  \a“  0 

^c2V  i^«  V^sin  wb/r^ 

^2a  “ ^2b  ” “ 
cores  will  saturate,  2 a or  2b: 

(iv)  2-^  saturated 

*21,“  -%t  *2»"  *o2>  ^ “ 

^o2®o"  -1^2 1"*  %■  V 


Unsaturation  occurs  simultaneously  for  all  cores  at  wt  - n,  since 
at  this  instant, all  i*s  are  zero.  From  n until  n + Ax,  then,  all  i's  are 
zero  and  " #Xb  " ^a  “ ^2b  “ wt/2N.  At  wt  - n + Ax  one  of  No. 

1 cores  will  saturate,  l^  if  has  satuirated  in  the  first  half  cycle  and 
vice  versa: 


(1)  Ig  saturated 

*lb"  \a”  ^olJ  ^a“  ^2“  0 
^ o2^c"  l^ll^fJ  ^1"  ^ 

iciV  |ii|N(a-b) 


(li)  saturated 

*1.-  ♦.»  «ib'  ‘ol*  ‘^b-^2-  “ 

Same 

^(SiV 
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At  wt  ■ A2  + rt*  one  of  No*  2 cores  will  saturate* 


(iii)  2g  saturated 

♦2b'  ♦s*  *2*'  ♦o2>  V V 
°«  W 1^1"  ■ ^ol''o 


(iv)  2^  saturated, 

♦2a’  %>  ♦2b"  *02’  V V 

1^-  0,  -UilN  - 


B«  Modes  of 


ration 


As  before  tbe  following  cronbinations  are  possible* 

(1)  - i and  iii  (2)  - i and  iv  (3)  - ii  and  iii  (U)  - ii  and  ir 

as  in  the  current  amplifier,  (3)  and  (1;)  may  be  discarded  because 
of  the  assumed  polarities  of  Bj^  and  Eg*  Thus  (3)  and  (U)  result  in  the 
waveforms  of  id  and  ic2  as  in  Ii.g*  MHT-13399a  *nd  MKE -13399b  with 
(true  mean)*,  negative,  contrary  to  the  polarities  of  E^  and  E^*  For 
combination  (1),  the  waveforms  are  drawn  in  Fig*  MRI*0.3399c#  while  the 
relations  between  the  various  currents  may  now  be  worked  out: 

Ao/oa  n/00  f-y,  Ao/co  M J^co  -» 

"cl  ■ ■ <^A) 

IAo/co  Ao/co  1 

(W/Hc)  v/\  dt  + (nAj,)  dtj 

Therefore 

* Ao/® 

- 1^2  " (2/T)  (1^)  (NAj.)  / (vAt)dt  - (l-2b)  KNA^) 

%/<» 


so  that 


Gain  - (l/lj  - (lA-2b)(NA„) 


For  IOO5C  feedback,  b ■ NfA  “ 3/2  with  theoretically  infinite  gain* 

f-  Ao/<»  n/fl®  *1 

We  also  have  Id^Ij.2  ” constant  * (2A)(NA(j)  J 

Therefore  21^^  - J(I  + (Ij|/(2-d))(l  + cos  A2)J 


2I^(NjA)  - - I + (1  + cos  Ag)  (Ij/2-d) 
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This  equation  Is  very  useful*  Ve  kixnr  that  at  Iq  • 0, 

- (2/T)(nA^)  v/r  dt  - I^CN/N^)  - “ h 


BO  that  with  zero  input,  " ^2  " °°*  ^o”  ^IT*  IT  " ^ 

(setting  1*0  and  Ag  “ in  Equation  (H))* 


m 


Vehn  If,  is  increased,  ve  have  Mode  (1)  with  hi^  gsbti#  until 
some  limiting  po^t  is  reached*  Just  when  this  point  is  reached  dqpends 
upon  the  relative  values  Of  Ij.  - 2I]j(Ng^)  and  * (2/n)(HjyRt)*  This 
can  be  seen  by  examining  Equation  (11)  and  the  followings 


A2M  \ ^ 

I - (2/P)  f ■ ■ ■ ■ dt,  so  that  cos  A* 

A^/a 


I^(2-d)  ♦ Id 


1 (12) 


As  I increases,  A2  must  increase  (shift  to  the  right)  in  order 
that  the  right-hand  side  of  Equation  (ll)  raaain  constanr*  Simultaneously, 

Ax  nnist  decrease  (shift  to  the  left)  from  Equation  (12) » The  interval, 

A2  - Ax>  in  which  the  useful  load  current  flows,  increases  until  either 
Aj^  - 0 or  A2  - lu  If  the  latter  occurs  firs^  ^ (from  Equation  (11) ), 
so  that  obviously  "lx  to' make  this  possi^e*  If  A£  ■ 0 occurs  first* 
then  I « (1/2)  (cos  ^ - cos  A2)  “ (Ijj/2)(1  - cos  A2)  ■»diile  Equation  (11; 
becomes  (1^^)^)  - (l/2(2-d))(U-d+d  00s  A2)*  Now  d - 1 ♦ so  that  1^  d^2. 
It  can  be  seen  that  Ibr  *d*  in  this  range,  (I^^/l^)^!,  so  that  idien  this  is 
true.  Ax  * 0 occurs  first*  For  this  case  the  vi£ie  of  I at  this  point  is 
obtained  by  setting  Aj.  " 0 in  out  equations,  resulting  in 

2 . (r/R^.) 


If  Ix;  “ Iirm  Ax  “ 0,  and  A2  * n simultaneously,  and  Mode  (1)  is 
over  at  I - I^*  This  is  the  best  practical  condition,  for  the  ma-rlimim 
output  is  gotten  in  the  amplfying  range. 

If  I^rt  (1)  Is  when  I * I_,  A2  * n.  At  / 0*  If 

Mode  (l)  is  over  when  Ax  « 0,  I * (2/d)ljjl(2-d/d)lx.* 

Another  way  of  seeing  this  is  to  examine  the  flux  waveforms,  of 
Fig*  MRI-13399C*  At  the  interval,  A2  - An,  increases  (Ax  shifting  to  the 
left  and  A2  to  the  right)  there  is  less  t&ne  for  and  to  depart 
fj^om  saturation,  increases  xmtll  at  At  * 0,  the  cores  of  No*  1 

mssh  remain  saturated  throughout  the  entire  cycle  (Fig.  MRI-13l;02o).  At 
the  sms  time  there  is  more  time  for  4^^  and  i2b  ^ change^  until  at  A2*  n 
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or  sooner  (dep^ding  upon  the  re'J.ative  values  of  and  these  c»res 
remain  unsaturated  throughout  the  entdxe  cycle.  If  is  too  largo,  xom- 
plete  tmsaturation  will  never  occur.  As  to  whether  the  No.  1 cores  4itiQr 
saturated  before  or  after  the  No.  2 cores  becoose  completely  unsaturated^ 
this  depends  entirely  on  the  ratio  of  3^  to 


we  have 


Quantitively,  by  integrating  ^ from  0 to 

^ol  “ % “ \ (X  - cos  integrating  from  A]_  to 

*01  - *o2  • since  2l/l^  - cos  A^  - cos 


I (2-d)  + Id 
'oi  ■ *.  - <*./2)  ) 

Ij2-i)  - H 

*02  - *s  - t V2)  > 


As  I increases,  ^^2  decreases  while  increases. 


bl 


fz» 


(X).  I^)- 


What  happens  when  I^  is  increases  beyond  the  limit  point  of  Mode 
(1)7  If  Jj^f  the  cores  of  No.  1 remain  saturated  at  all  times  and 
from  zero  to  A2,  ii  “ i ” v/R^  and  ^2a  * ^b  " (-vd/2N).  Since  h2n  - h2b  ” 0, 
“ |ii  |bN,  and  ■ constant  ® 3,p,-j . From  Ao  to  n,  i-.  - io  - y/r. 
ha  «5  thit  isH  IhoMfOM  ^ » 1 2 /» 


« h(NA„)(V'2)(l  - oosAj)  ♦ (NA^)(iy2)(l  * cosilj). 
Rearranging  s 


2 r - (b  + ^ ) 


coa 


^(S  ^’e2 


m 


b 

r 


I “ Ijj  (“"y-  « “y—  ) and  AI  ■ (r/R^)  (N^N)  AI^8,  i.e.,  low  gain. 

HI. 
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With  increase  of  1^2  decreases,  so  that  A2  increases,  shift- 
ing to  the  right  and  I increases  until  at  A2  “ it,  I ■ The  value  of  Iq2 
at  A-2  ■ It,  is  Ic2  “ (^^)/Nc  “ “ Tc/^*  Ig  is  increases  beyond  this 

value,  A2  decreases,  shirtdjig  back  to  the  left  bat  now  from  zero  to  A2-»» 

H ^ i ^2a  “ ^2b  hg^-  Oj 

1c2Nq  * |i]^(tN,  all  as  before.  Ebwever,  from  A2  to  n,  h^j^"  0 (and  not 
h2b  as  before)’,  i.e.,  Core  2g  saturates  where  2^^^  had  previously  saturated, 
so  that  from  Equation  (9),  ic2^c  “ ” 1-T2Jn*  This  can  be  understood  by 
considering  that  at  Ao  “ it,  the  net  minf  of  No*  2 cores  is  zero,  i.e.,  due 
to  control-bias  ampere  turns  we  have  Ngl^g  “ while  due  to  NI2  there 
is  zero  (at  A2  * n,  I2  is  zero) 5 and  due  to  we  have  -bNIjg(at  Ap  “ it, 

II  “ Ijn)i  That  is  why  the  cores  remain  unsaturated  if  'I'jj^d^^fg.  When 
Iq  is  increased^  the  net  mmf  changes  sign  and  the  two  cores  shift  accord- 
ingly in  the  operation  cycle.  Integrating,  we  gets 

1^2  “ (N/2N^)  l^b  - Hj/r  - cos  Ag(b  + V-)].  so  that  •••• 

cos  Ag  - [b  - Vr  - 2N^Ig,2/(N^m^]/(^  + 

Rom  this  expression  for  cos  A«,  it  is  seen  A2  shifts  to  the 
left  with  increasing  (decrease  of  1^,2'*  Aluso.'. 

I - (Ij/2)(1  - cos  Ag)  “ y V * ^c^c2/^y/^^  * 

and  AI  * - rNQAI(j/(Rf,N2)*  The  limit  (I  - Oj  A2  “ O)  is  reached  when 
(Rt/r)  - -Nclc2/^m  i setting  cos  A2  “ 1 in  the  above  expression. 

(2).  Case* 


On  the  other  hand,  •when  ^^f  Ig  is  increased  beyond  the 

saturation  point  (which  we  have  found  to  be  at  I * 1^.),  then  combination 
(2)  Implied.  The  waveforms  isq)p3icable  are  presented  in  Tig.  MBI-13^9d. 

The  relations  betwcteR  -the  various  currents  for  this  mode  aret 

(T/2)  y « (1  - b)  N/N^  Vt. 

A^/ao 

(1/2)  1^2  . b H/)(^  dt  - N/»^  ^ dt. 
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Addingx  * Ic2^  - (N/Ng)  - T/2(Nl)A^ 

so  that*  I . (3.^  ^ . 2N^yu  . 

Therefore  I remains  constant  throughout  this  mode*  Also: 

^cl  - h2  ” ^2/T)  CN(l-2b)A/^“  i^dt+2N/N//“ 

A~/<a  Aa/co 

l«e«f  Iq  " Input  causing  saturation  +[lj^/(2-d)Njl+cos  A2)  “ Ig+  the  balance. 
This  equation  determines  A2«  Since 


I s - Ig’,  AI  - 


- AI 


2' 


and  in  this  range  AI  **  0*  therefore  AI^  ■■  Al2*  Also 

- I + (2/T)  vyr  sin  wt  dt  - I ♦ Ig* 

«^y2)(l  + cos  Ag),  resulting  in  (1^,  - Ig)/2  - ^1^2  -(n/N^^AT^^. 


It  seems  therefore  that  in  this  range  both  meshes  behave  as  current 
ampT  iflara  with  unity  an5)ere-tums  gain  with  respect  to  changes  in  control 
current. 


The  above  will  continue  until  Ai  * 0.  At  this  point: 

I - - (iy2)(l  - cos  Ag)!  Ig  - Ig  ♦ XiNA^(l+  cos  Ag)’, 


therefore 


Xa  - X, 
c s 


2(101^)  Oyr)(l^  - I^. 

Henceforth  remains  at  zeroj  while  A2  decreases  (shifts  to  the 
left)  and  the  operation  is  similar  as  fbr  ths'^oase  Ix^ 

When  separate  windings  are  iised  for  contrll  and  bias  currents^ 
then  following  the  procedure  in  the  current  amplifier  analysis^ 

and  for  "oldl 

thez»  Should  be  substituted^  respectively. 
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3,  Stonmaiy  for  Cases  (l)  and  (2) 


(I) 

(1)  0^1c<Iai 

(where  Isi  *=  0 +)  Aisplifjdng  range.  Limit  o£  range  is 
reached  when  I *«  Ix  “ 2IbNj3/W#  at  idiich  point  Ii  - Ix>  I2  “ 0»  At  Ig-  0-, 
II  - I2  - Ix/2,  which  is  the  maximum  circulating  current. 


(2)  I3i<lc<l32 

(idxere  2(R4/r)(NAc)(lBrIx);  I “ ^xJ  “ ^x* 

(l/2)(Ng/N)(Ig-  Igi)^  I2  “ (W  (Nc/N)  (Ig-Ial)- 


(3)  Is2^  Ic^,Is3 

(where  Ig3  - + (2/Mg)(Rt/^JIm  + 


m 

7T^ 


~ ITT 


m 


so  that  ^c  A ^c 

"tJT  7" 


Alg  - (lyy  [VCb  + Rt/^)]  NqA  AI^2  a 


FT" 


(1^.)  ^ 

(1) 


(Ig),  analagous  to  Ijai)*  Amplifying  range.  Limit  of  range  is 
reached  when  I » (21^  - Ix  v/k\i)/{2-r/R^)  and  I2  - N]^bA^) 

■ (R{/r  - bV 


(2)  Ig2^Ic«I<,5 


(where  Ig^  - Ig|^  + (nAc)(^  - 


Alg 


-"A 

‘r^  ir‘r 
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Limit  is  reached  when  I “ 


. -N  AI 


(3) 

(where  1^5  - Igj^  + (2^0)  ♦ NI^J^) 

* . «t  W -xj!,  A I , ,,  _ WV«  . "o  A 

5^  (.b*  — ) - , c J AI,  - l,"V  B-'A.-  ■ r-  T-  • 


T?pr^ 


(ll)  Ic»l36  I ■ 0|  Ii  ■ ^^2  ■ 


jarimental  Work 


Fig«  MRI-13l;00aj  MRT-13U00b  and  MRT-13i|.00c  conqpare  theoretical 
and  experimental  curves  for  1^^  and  I_j<  As  expected,  there  is 
disagreement  over  the  airplif^ng  range,  out  the  agreanent  is  good  every- 
Vhere  eiie,  where  the  theory  does  clain  accuracy.  Fig*  MRI-l3it01a  pre- 
sents the  current  waveforms  of  the  circuit  in  its  amplifying  range*  These 
compare  very  well  with  the  predicted  waveforms  of  Fig.  MRI<-l33P9c« 

Fig*  MRI«i3l;01b  waveforms  are  for  the  ■ case  I„,  in  the  saturated 
range.  These  should  be  conpared  with  the  theoretical  waveforms  of  Fig. 
13399d.  A departure  from  theory  is  the  fact  that  li^m  An  to  n,  i3_>’l2» 
that  i / 0 in' this  region.  This  difference  is  probably  due  to  the  effect 
of  finite  impedances  in  the  control  and  bias  circuits.  If  one  does  take 
these  into  account,  the  algebra  becomes  quite  complicated,  but  one  finally 
emerges  with  the  following  (in  the  saturated  region):  in  - I2  “ GiilN2v  + 
idiere  G and  H are  constants  gotten  from  solving  the  following  pair  of 
simultaneous  equations; 

(1^-  ig)  (Rb  + R +(n^/NJ2R^)  + 2bNr(3i+  ig)  " 

(1,  - io)2bN  - (1,  + lo)’(N+  ^ ^ )-  -2/c'-  2N_E 

i IT-  C c 


Thus  (ii  - 12)  is  a function  of  *v*  in  this  range  trtiich  is  in  accordance 
with  the  waveform  observed  (Fig.  MRI-I3lj,01b. 

Fig*  MRE-13li01c  presents  waveforms  of,  the  output  current  'i»  as 
it  changes  from  the  positive  saturation  region  (l)  (Im^L)*,  to  the  exact - 
point  of  saturation  (2)  and  in  the  amplification  range  (37#  to  correspond- 
ing negative  values. 


) 
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The  waveforraa  of  Fig.  MHE-13U02a  are  for  the  caseclj^-^  at  the 
point  where  the  anpliflcation  range  is  ending,  i*e»,  ^ ■ 0»  Jig*  MRI- 
13li01o(2)  may  be  contrasted  to  Jig*  MRI-13liD2a  Cl)*  MHT-13U02b 

continues  with  the  circi|it  of  Jig*  MRI— 13l|02a  with  iiqmt  increased  past 
the  point  where  A2  ■ rt,  i»e.,.  A2  is  now  decreasing.  The  effect  of  finit^ 
resistance  in  the  control  and  bias  windings  is  again  noted. 

Tig.  MRI-13U02c(l)  exhibits  the  B-H  loop  at  zero  output  (similar 
for  all  the  cores),  while  *2*  and  *3*  are  the  loops  of  Cores  1 and  2 (one 
from  each  mesh)  when  I is  large,  almost  at  its  maximum  vlaue  (I^^  - I_). 

It  is  seen  that  Core  2 saturates  over  a very  small  portion  of  the  cycle, 
as  A2  ~ n,  while  Core  1 is  saturated  almost  over  the  entire  cycle,  as 
Ai  - 0.  Figures  MRI-13l|024(W  and  MRI-13l4D2c(5)  ard  loops  for  t he  same 
cores,  as  is  further  increased,  so  that  Core  2 saturates  in  the  other 
direction  as' predicted,  while  Core  1 remains  saturated  almost  throughout 
the  entire  cycle*  In  this  particular  case,  this  change  in  sign  of  satura- 
tion of  Core  2 occurred  before  A^  went  to  zero,  because  ^j/*s  was 
so  that  it  was  iiQXissible  for  Core  1 to  iremain  unsaturated  throughout  the 
entire  cycle* 

Sunmarizlng,  this  secticjn  has  dealt  with  the  modes  of  operation 
of  the  Spllt-ftiedlMWlc  Push-Pull  Amplifier,  etxhibiting  clearly  both 
analytically  and  eoQ>erimentally  its  combination  of  desirable  Voltage  type 
an{)lliler  and  Current  £ui^)lifier  properties* 

Because  of  the  ideal  B-H  characteristic  assiuned  for  analysis,  it 
was  not  possible  to  predict  analytically  and  gain  of  the  circuit  in  its 
an^)lifying  (or  Voltage  type  asQ^lifler)  range*  To  do  this  we  must  use  a 
more  accurate  representation  of  the  B-H  relationship*  We  should  like  to 
use  as  close  an  approximation  to  the  actual  loop  as  woiild  still  permit 
relatively  simple  mathematics* 

■ In  the  following  three  Sections  such  a represaxtation  is  used 
to  analyze  firstly  the  Series  circuit  with  100^  feedback  (Section  I4.), 
secondly,  the  Push-Pull  Split  Feedback  circuit  with  lOC^  feedback 
(Section  5)  and  finally  the  Push-Pull  Voltage  Doubler  circuit  in  Section  6* 


IV*  Analysis  of  Series  Circuit  With  100>t  Feedbacdc  on  Basis  of  Simplified  ^ 
B-H  hysteresis  Loop 

A*  Analysis 

The  circuit  is  presented  in  Fig*  MHI-13l403a*  Hf->  Nj  R + r* 

If  Rg  ■ **  ^2  ~ constant*  Alsoi 

- HU  + 111)  ♦ »^1^.  hj  . . |l|)  . 
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If  iyo  h - 2Ni  + N i and  lu  - -N„  i (13) 

If  i<  0,  h-  = N i and  - 2N1  - N„i  (ll;) 

X C 0 ^ c c 

On  the  basis  of  an  ideal  B-H  relation  of  Fig*  MRI-13U03b,  we 
have  the  wavbforms  drawn  in  Fig*  MRI-13l|03c2*  But  the  flux  excursions 
as  a runctloi  of  'h*  are  as  in  Fig,  MRI-1340lia  and  this  B-H  relationship 
should  be  used  to  - find  the  actual  gain. 

We  may  begin  with  the  positive  conduction  period  - K in  Fig*  MKT- 
131^030.  Here  ^ ^ Since  03)  applies,  h2  “ ho  " -Ngio  so 

that  ±0  « -hg/fic  1 ” facilitate  the  analysis  considerablji^. 

Fig*  MRI-13U^a  is  appreximated  by-Flg*  MRI-13l40lib*  The  fbllowing  analysis 
is  tlierefore  resteicted  to  materials  where  such  an  approximaticin  is 
Onstiflable. 

When  hi  - -h^^,  ^ begins  to  unsaturate  and  this  will 'happen  when 
- 2Ni  + N.i.  - 2N1  - hg  - -h^^,  i.e.,  (hQ-hj^)/^!  - Vj^  sin  wt/fe.,  which 
fw  the  sensitive  materials  considered  is  very  nearly  at  wt  - n.^  Note 
that  hjj,  1^,  etc*  are  all  positive* 

From  a to  n + Ai,  both  cores  are  unsaturated, with  ^ and  §2 
travelling  along  paths  L^-N*  In  tliis  interval,  li,  « #2  = v/aj  essentially 
and  since  positive  at  the  start  of  this  interval* 

The  transition  from  ij_  +.to  in  - cannot  take  place  instantly  as  this 
would  cause  $ to  become  positive,  so  that  it  must  actually  do  so  at  a 
finite  rate  until  the  instantaneous  voltage  is  sxifficiently  negative  to 
cause  to  continue  to  be  negative*  Now  the  path  L2-M2-N2  for  Core  2 
is  diffictilat  to  determine  and  is  a function' of  several  variables,  so 
the  approximation  has  been  made  that  it  is  flat  until  or  beyond  h2  " h^^* 

In  such  a case  Iw  ■ -h2  almost  instantly  with  *i’  changing  sign,  so  that 
condition  (2)  applies*  Hare  hj^  - N^ji^*  In  this -interval  ( 

t/(0 

/ di^  - / sin  wt  dt. 

$s 

+ COS  wt)  where 

Vo--*x-0v'2)(i*  COS  wt)* 

This  continues  until  n + A-*,  when  *2  ^ *s  until 

2n,  i - y/R^,  *2  " -*a  “id  - -jhoT  - N^jl^* 
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n/(£o 

I « (2/C)  / 7^  sin  dt  ■ (1^2)  (I  + cos  A^)« 

A^/oj 

♦c  ■ ♦<1.  - 'lAn>  * 'V- 


“ *1 

t/2  - / |h^|  dt£o/»  ♦ / ■fh^l-i^y'l^l+cos  wt)  dt<o/“» 

ii+Aq^  Ji 

Vo  ■ v»  [ll-oK"-*!)  * VV  'i”  *l]- 


Since  there  is  actuary- no  abrupt  break  at  (H-g*  MHr-13l40Ub) 
as  was  assumed j it  is  better  to  find  A and 

■ “A  - V V”  [(>-*l)0'o-h:P* 

If  we  let  k - I A^  /Ah|,  them 

) + (A^  - sin  where 


Vo-  3A”li'^)(-r*° 


are  related  to  each  other  as  previously  notedt 

- (1  - T ) ( 

Average  Gain 


® ° Y ) (**)  CO®  ^ “ 2 Y • 

a IT  ■‘‘m 

8 


When  I - Ij^  - *0,  At  - 0,  Ah  •«  0*  When  I « 0,  ■ *,  and 

therefore  ANglg  - Thus  Average  Output/Ai«pere-Tums  Input  « I^2k#g/im» 

Thus  to  find  the  relationship  between  N^Iq  and  assume  values  of 

and  substitute  in  the  enpression  for  N^Iq* 


B»  Experimental  Work 

To  c)ieck  bn  the  accuracy  of  the  above  analysis^  it  is  essential, 
of  course,  that  the  correct  control  magnetization  curve  be  used*  This 
is  a study  in  itself  and  regrettably  there  wasn't  the  time  available  for 
such  a study.  The  experimental  transfer  curves, for  the  half-wave  con- 
strained, self-saturing  circuit  were  used*  On  this  basis,  of  course, 
differences  between  the  analysis  and  the  experimental  results  may  be 
ascribed  either  to  the  analysis  or  t he  use  of  an  incorrect  control  magne- 
tization curve*  In  short,  in  such  a case,  only  very  partial  conclusions 
may  be  drawn. 
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3 

For  the  half-wave  constrained,  aelf-saburatlng  cxs'cuits'^ 

(%As)  “ 1 “ 2 - 2 l/r^).  Thus  may-  be  related  to 

and  expeidjnentally  to  Ncic*  MRI-13ii05  presents  curves  for  #o/^s 

as  a function  of  *h*  for  the  self-saturating  circuit  under  different 
conditions  » All  calculations  are  contained,  in  the  j^pendlx.  T’or 
Curve  1,  1 cores  was  used  with  2 rectifier  descs  (Radio  Receptor  DIHl), 
and  “ 0«97«  For  Oorire  2,  1 cores  with  h discs  and  "•  1*0, 

wMiw  for  Curve  3,  2 cores  in  series  ware  used  with  ij.  rectifier  discs 
and  “ 1*0.  Taking  the  average  s'Jopes  of  these  curves  over  their 

anplifiring  range,  the  r’esults  are  k «' 0»68|  0*97  and  0*61j.  per  Ampere-Turn* 

Fig*  MRI-13i4.07  presents  the  ejqjerimental.  rescilts  obtained  writh 
the  Series  lOOjS  Feedbafjk  Amplifier..  In  one  case  one  rectifier  disc  Was 
used  per  bridge  ann|  inthe  second  case,  two  were  ’used*  On  llie  basis  of  our 
analysis,  for  the  fhx'ee  values  of  k,  for  the  particular  parameter  values 
used  in  the  series  circuit,  the  average  slopes  should  be:  112,  l60,  10$ 
as  conpared  to  the  experlmaatal  values  of  TO  to  8o(depending  over  tdiat 
range  the  averaging  is  done). 

Waveforms  are  presented  in  Fig*  MRI-l3l;C5l  and  should  be  conw* 
pared  with  Figures  MRI-13ijD3o  and  MRI-3-3iiOii-C» 

Discussion 


The  differences  between  theoretical,  and  eaqjerimental  results 
may  be  ascribed  to  the  followings 


1.  The  approxitnations  made  in  the  analysis  in  neglecting  control 
circuit  resistance*  This  can  he  corrected  - we  can  inprove  the  analysis 
by  taking  it  into  account,  but  the  resul.t,  is  very  involved  indeed*  For 
exanple,  to  find  the  currents  inihe  unsaturated  region,  we  get  the  follow^ 
ing  eapression  for  hi* 


2N 


h 


m R, 


l4R„N^  h-R^  2m J- 

^ \ » ^ ^ \ t?  JL  ® 

wwr ) + X’  ^ ^ 

C t R t 


whare  m “ dh/iiia  Again  ti.me  did  not  permit  this  Jtore  involved  analysis* 
It  is  reasona!bla  to  assume  the  ef.feet  of  the  resistanee  to  be  signifi.ca(it 
as  it  is  with  the  self-aatur.ating  circuits^* 


2*  The  inhas'ent  appro:xitBation  in  our*  assuaption  of  the  sinplifled 

B-H  curve* 

3*  The  use  of  the  constrained  half-wave  self  saturating  circuit 
to  derive  the  control  magnetization  cuirve. 


In  'view  of  the  above,  -we  may  only  C30.ns.ider  the  analysis  certainly 
as  a useful  first  appKexima'tlon,  and  shall  go  ahead  and  use  It  on  the 
Split-Feedback  and  the  Ifoltago-Doubler,  push-pull  circuits* 
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V«  Analyais  of  the  Split-Feedback  Circuit  with  100^  Feedback  on  'Basj.8 
of  Simplified  Hyatereals  Loop 

kj  Analysis 

The  analysis  based  on  the  ideal  B-H  relation  resiilted  in  the 
waveforms  of  Fig.  MRI-I3399c.  These  will  not  change  in  the  present 
analysis,  lAiich  will  primartly  provide  us  with  the  waveform  of  ip  - ^cl"  ^c2» 
which  was  zero  in  the  idealized  case.  The  actual  B-H  excursions  are  as 
in  Fig.  MRI-13i4.08a  and  approximated  in  Fig.  MI?I-13U08b. 

The  mraf  equations  are  repeated  hei*e  fbr  convenience* 

1>1,  - |l^|N/2  + lijiN/S  - 

\b  - li2l“/2  ♦ icl“c 

since  N„-  N/2 

*^4  ■ -^2“  * - ^c2“c 

‘>2b  ■ -^2"  - 


In  Region  M (Fig.  MRI-I3399c), 

*lb  ■ *<,1 


Also, 


^a  0 and  - -2i2  N, 

so  that  ±2  is  positive,  as  we  already  know,  and 

- -3KI2/2  ♦ iiH/2  - "la  - V2 

*^b  ■ "l/^l2  ■ l/2"lx  * Icl^o  ■ Ic"  Id"  lo2"  l*'2bl"l*'oll^‘ 

In  Region  N» 

*2b"  *o2«  *lb"  *d>  V -l‘'o2l'  V 

and  since  1^^  and  ±2  are  both  posl^blvet 


V 
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“ 1^02!  “ 

In  Region  Ot  Almost  instantly  1^-  + h]^w,  h2-+  h2|j,  change  sign 
fJrom  iidnus  'to  plus  and  because  h2^^+  h^jj-  -2i]^N^  both 

1;^  and  ±2  must  be  negative,  andt 

”c(^c2-  ^ca’  ■ V -V/2  - - W 

In  Region  Pi  hg  + hg^x  0,  so  that  !„  is  negative;  h_  + h_.  0, 

so  that  ij^  is  negative;  * * 

- l"oll  - -li  «/2  - l2»/2  - 

hj,  - -lj^N/2  - 1^/2  . 1>2,-  hj,-  Ih^^l  - (i^-  1^2>Nc- 

In  Region  Qi  h^  « ho2}  hi,  - huT;  i-i  and  ip  are  negative; 

^2a  **  ^a  " 1^2!  - f^oll  * ^c(^cl  - ic2)* 

In  Region  Rt  (analagous  to  Region  O),  h^^^  ♦ huj<  0,  so  that 
il  and  i2  are  eacK  positive; 

hj^.  -lj^»/2  - ijN/2  . 

i*ib-  * ^oA*  ‘lb-  ‘a-  "c'^cl-  ^c2>  ■ °* 

Regions  N and  Q end  almost  at  wt  ••  n and  2n  respectively* 

To  find  N I I 
c c 

Rrom  to  Agi  N^I^  - Ih^^l  - Ih^^.! Region  M* 

Also  . 

/ dtp,  - «(d/2N)?  sin  wt  dt, 

• ^ol  V“ 

Therefore 

*2b“  *01  “ V/2  (oos  wt  - cos  A^)  A^^^wt^Ag 

|h2bl  - Kl\  can  now  be  gotten  if  the  contirol  magnetization  curve  is 
available  since  and  A^  are  known  as  function  of  I* 


IU330-^3,  FIB.266 


21* 


Thus 


I (2^)  ♦ Id 

- (*n/2)  [;  2 - -5— J J - *g-^y^l-cosi^)  See  pp.12-13. 


m 


Letting 


^ before,! 


s 

l^bl  “ Kll  " (Vic)  *ol  ••  ^2b  - ^ (cos  A^-cos  wt)  - Npip  - 


u 

d (ooa  cos  wt),  where  hj^^  - (l/k)  , 


ftrom  A2  to  n (Region  N)  | 


i 


m 


*o2  • *s  - -r 


b- 


02'  - 

(2-d)  -dl 

1 

m 


."c 


A .A 

1 Ql  o2 


T 


Fi^Jin  A]_  to  0:  ••Oi...  Region  R* 

Collecting  terns  and  rearranging  iiid  averaglngi 


Nglg  - (i/j^k)  *o2^  (n  - Ag)  ♦ ^|**^^Ao-Aj^)coe  A^^  ♦ sin  A^-  sinAg^J. 


Since 


I ■ sin  wt  dt«/«  ♦••••  ■ ^(c°s  A^^  - dos  Ag)* 

■*1 

*01  ■ *02  - V2  \iioos  A^  - cos  Ag)  - 
*^c^c"  (*b‘*A*3«)  ("-Ag)  ♦ 1/2  <^Ag-  Ajl)  cos  Aj^  + sin  sin 
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To  find  and  A2,  the  following  expressions  are  available.  •*(Pg.  11  Eq.  11 ) 

* I ♦ Cl  + cos  Ag)  Cljj/C2-d)J> 
so  that  cos  Ag  - (I^  - I)  ) - 1 

and 


00s  A^  - ^2* 


The  procedure  ii  calculating  the  transfer  curve  would  be  to 
evaluate  the  circuit  parameters  d,  $ , 3,,^  and  k.  Values  of  I wotQjd 
be  assumedj  Ai  and  Ag  found  from  the  abo^  equations  and  Ig  obtained  from 
the  last  equation  on  Page  214, 

Average  Gain  .....  for  and  *j„d  - 2*g. 

At 

^ Vc  ■ -lA. 


m 

TT 

Bir  Experimental  Results 

Fig.  MRI-l51j.09  contains  experimental  curves  of  I versus  Ngl-  for 
various  combinations  of  parameters.  The  results,  using  the  same  values 

A a«_a  ^ 


for  'k'  as  were  used  In 

the  last  chapter,  ares 

Bbqperimental 

Theoretical 

Curve  1, 

O.J|  Anp-Tums 

0.70,  0.50,  0.75 

Curro  2,  3^ 

0.6 

1.6,  1.1,  1.7 

Our™  3, 

0.6 

i*5f  1.1,  1.7 

Average  Anpere-Tum  Gain  - NlA  I ■ kNI  ■ 

c c ro.  y — 1« 


m. 


liwL  . UQ 
53R^  t3* 


Slmilai'  coninents  as  were  made  in  the  last  section,  ipply  here. 


C.  Transient  Response  and  Figure  of  Merit 

l^ie' t Ime  constant  may  be  derived  In  the  customary  manner,  which, 
for  the  sinple  circuits,  is  fairly  accurate  for  low  values  of  control  or 
bias  circuit  reals  bance.5  Referring  to  Pig.  MRI-  133971 
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*b  * "c  - Vol*  V - - V 

*b  - *c  - Vo2  - V - "c  (^2.  - *2b’ 

■ («b  * “c«"cl-  lc2>  - »c(»2b  - *lb  " - *2.) 

N , dl 

*c  ■ r (*ib-  *U*  *2.  - V -al  • \ 

c 

If  the  time  constant  is  large  compared  with  the  period  of  the 
carrier  voltage,  average  values  may  be  substituted  for  instantaneous  values, 
so  that 


V *'c  * V2  V iljit. 

A s<iin0what  similar  order  or  approximation  is  involved  in  substituting  for 

*1.-  *lb  ♦2.-  *2^ 

the  expressions 

— 4 _ and  -#  ^ 

S ol  8 o2' 

wM.ch  are  correct  only  for 

R‘  - 0. 

c 

-Now  , 

■ Hh  * •'c  (*01  - *02>  * 

® “dT 

and  defining 

1/2  d/dl^  2) 

as  the  aqppaz>ent  inductance,  we  havet 

Time  Constant  - ^ - L^/R«  with  -0-/^0  dl/dl  . 

c m 

We  will  use  the  average  value  of  I/Iq,  but  must  note  that  it  de- 
pends on  the  relative  values  of  I and  Ij^.  For  t he  case  - I_,  repre- 
senting the  best  practical  situation,  the  average  gain  ■ ^^dJi»»l/NglQ,  so 
that  La  - 1/2  N^,(Vlm)(dNcA«)(W‘i)  = - I<c*  l^e*,  the  Inductance 

as  seen  fi*omthe  control  side,  so  that  “7“  - Lq/R*q,  and  the 

Figure  of  Merit  - Pbwer  Qain/Time  Constant  - F^^R/R*^I^  « 7^ 

l6F^R«<3/d\it^(^«re  Q - wLAj.)-l*6F^Rii9/(d\)  « (d-l/d^)  1*6F^wQ,  for 

this  case  where  and  ^ij^d  * 2§^,  and  where  F « Form  factor* 
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D.  Experimental  Vfork 

Figo  MRI-13UHb  consists  of  copies  of  transient  responses 
photographed  with  the  aid  of  a 60-cycle  integrator^  which  operates 
by  integrating  over  one  cycle,  indicating  the  result  during  the  next 
cycle,  while  a twin  circi^it  integrates  over  this  latter  cycle  and  indi- 
cates its  result  while  the  other  is  integrating.  In  this  way  a good 
approximation  to  the  true  average  output  current  may  be  obtained.  The 
dotted  lines  are  true  experimental  curves,  thus  indicating  the  divergence 
of  the  latter  from  true  exponentials. 

The  theoretical  and  experimental  time  constants  are  herewith 


listeds 

Experimental 

Theoretical 

lA 

Rise 

0.13  seconds 

0.09  seconds 

IB 

Fan 

0.15 

2A 

Rise 

0.'15 

0.13 

2B 

Fan 

0.2^ 

3A 

Rise 

0.31 

0.31 

3B 

Fall 

o»5o 

h 

Rise 

0.22 

0.25 

5a 

Load 

consists  of  R + jX  ■ n8  + J2$0  (air-cored) 

- Rise 

6 

Rise 

- Load  consists  of  8$  ♦ j2^0  ohms. 

In  all  of.  the  above  ejq^erimental  average  gain  was  used  to 
predict  the  time  constant. 

In  the  next  section,  a similar  analysis  is  made  of  the  Pusl>> 
Pull  Ibltage  Doubler  circuit,  in  order  to  compare  it  with  the  Split- 
Feedback  circuit. 


7E.  Analysis  of  the  Push-Pull  Voltage  Doubler 
A.  Analysis 

This  analysis  will  be  based  upon  the  same  siji^jlified  B-H  hysteresis 
loop  that  was  used  in  the  last  section.  The  circuit  diagram  is  drawn  in 
Jig.  MRI-13ltlle*  The  mmf  equations  ares 
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'^b  “ %b  " ^c^cl  * 

“ ^^2«  “ ^c^o2^  ^ “ ^^2b  “ ^d^c2^ 

®b  “ ®c  " 0*  + %b  “ % “ ^3  + ^01,  where  |4’oll< ^s 

+ ^2b  • ^2  “ *s  *o2» 

the  customary  liniLtations  on  the  circuit  parameterflo 

We  may  begin  by  assuming  Core  is  saturated  and  2^  is  unsaturated, 
this  condition  existing  for 


Ha  ■ 

SO  that  iib  ■ 0,  if  the  rectifiers  are  perfect?# 

■ -l\il- Vd(-w> 

#2a  “ vd/N,  wLth’v’  positive#  In  Fig#  MRI«»13l|llb,  this  part  of  the  c^le 
is  shown  as  Region  M# 

At  wt  * A2f  #2a  saturates  and  in  » ±2^  “ v/rj  #2b  “ ^o2l 
-|ho2|  " "Rg^c2  i-2b  “ 0#  while  Jhoxt  " Rcicl*  Region  N 

for  Az  < wt  <"n,  in  Jig#  MHr-13l|llb«  This  ends  when  either 

hj^^  - Nv/r  - |h^3  I-  -|h^j  or  hg^-  nv/r  - jh^gl-  -|h^|, 
which  occurs  very  nearly  at  wt  ■ n# 

For 

(ji  + A^)>wt^s,  V--  - -Ulgij* 


Integrating, 
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Because  of  the  nature  of  approacimation  of  the  B-H  loop,  almost 
at  onec  hjjv  - h2^^  0,  so  that  l^b  - ^2a^  ® ^2a  “ only  one  branch 

can  conduct*  Therefore  h2-  ■ -Woic2  similarly  iin  « 0, 

The  preceding  constitutes  Region  0,  i«e.,  it  + Ai:^wt^»n* 

Pbr  n + A2^wt)jfn  + region  P, 

*lb  ■ *»•  ■ V h ■ I'-oll  ■ "cW  *2.  ■ 

Integrating* *. . 

*2a  " *ol  - V ( ^a  "%^c2* 

For  2n^wfc:^Ji  + Ag,  (Region  Q)  i 

*2b  ■ ■ \b«  ‘l  • ^2  ■ *1,  ■ *ol>  *2.  ■ *o2» 

• -Vc2- 


Suimnarlzlngt 

Prom  n to  n'  + A^i  1^^  - i^g"  ° ^2*  '^la  “ '^2a“  *s“  ''' 

■ -"0^01  - ■ -Vc2  id-  ^o2-  (Vil,)  [ib^l  * IhJ-d  ,►  CO.  wt)]. 

From  n + A^  to  n + Agi  “ "v/S^f  ig  " 0,  ^ol"  '*m^  V' 

^cl  “ l^oll/^qJ  Vc2  " Kl^  * 

From  n * Ag  to  2jh  ii  “ ig  - v/rj  1^  - |h^ilAoJ  1^2  " l^o2l>^c* 

We  also  have  the  following  relations  t 

l''oil  - Kl  ♦ I>vl  (1  - cos  v>  ^ ^ - CO»  *j). 

*02  ■ *oX  ■ •*«.'*  *1  - 00.  *2)  - ZlAj_. 

\\t\  - l^ll  - 24  Kl  VI.. 
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4|VK“»rt  ♦ oo.i^)d(wt)  * /^(h„2-  h^i)d(wt). 

V V'c  l‘'o2*  V ® “•  ^(*2*  *1>] 

- (3ANg*gn)(2$j^d)  |(n  - A2)l/lj^+  (Ag-  A^)cob  ♦ (slji  « aln  Ag)  J 


which  is  exactly  twice  the  expression  for  the  Split  Feedback  circuit,  on 
Page  2li«  tm  same  cores  are  used  for  the  two  circuit,  then  j 
However,  for  the  Doubler  circuit  (for  the  case  while* 

for  the  Split  Feedback  circuit,  ^ 2#g/d* 

Since  ^>rfts,f.  " V^wN,  and  d " "’in  consequently  1 

are  the  same  fdp:  both  circuits* ' And  as  • l/2'^bisf»  e^qpressions  for 
Ig  are  actually  the  same  for.  both  circuits. 


The  equations  for  and  Ig2  may  also  be  gotten* 

ji+Ai  2n 

T/2  wN  I ,■  f h_  + h_(l  + cos  wt)  dt»  + / h^-  dteo,  therefore 

c ci  „ X m oi 

’^ci^cl  “ Vl^xl  A-  + - ^2)» 


^c2-  ^cl 


"c* 


B*  Excess  Currents 

The  transcendal  equations  above  pemit  no  simple  solution#  We 
may  note  however  that  at  Ig.  " 0, 


^c^cl 


^ ^ l^xl  ^o  l^oli^"  - V* 


which  is  exactly  the  expression  foi?  the  single  mesh  doubler  clrctilt,  for 
the  same  B-H  assunption*  Thus  A ■ AqJ  the  conduction  angle,  at  zero  input, 
is  the  same  for  the  push-pull  connection  as  it  would  be  if  the  same- amount 
of  bias  anpare-tums  were  applied  to  a,  single  mesh#  And  because  the  cir- 
culating current  is  a maximum  at  zero  control  current  we  can  now  determine 
the  excess  current  - 1/2  (1  + cos  A^)  - I„.  At  zero  control  current, 

with  the  single  mesh,  I - 1/2  + cos  Ag),  so  that  excess  current  ■ 

(^A  Iq/^)  " where  Iq  is  sinp^  the  output  current  in  a single  mesh 
for  that  value  of  Control  (or  Bias)  Ampere-turns  equal  to  the  Bias  Ampere - 
toms  used'ih  the  Pusi>>Pull  circuit# 
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The  average  gaip  of  the  Push-Pull  circuit  may  be  fbund  by 
finding  Ig  »t  Ai  ■ 0 and  at  A2  ■ Ji*  The  result  is  Nclj.  ■ 

Betting  the  best  practical  value,  Nglg  ■ lA»  exactly  the  sane 

as  for  the  Split  Feed  back  circuit  for  the  case  - Ij^,  and  fjjj-  2$g/d* 

Thia  gairi  (for  the  Doubler  circuit)  is  achieved  only  At  the 
expense  of  very  large  excess  currents  for  it  is  fbund  that  the  bias 
ampere  t\ims  for  this  case  • h_  + l/2  hg,  which  results  in  a conduction 
an^e  (for  a single  mesh)  in  the  n^ghborhood  of  90°  • Actually,,  a trans- 
cendental equation'  must  be  solved  for  this  angle,  nanely, 

n - n(h^+  1/2  h^)  - V |l^|  |hj/d)  - |hj  sin  A^d 

+ [(Ihjjl  ♦ 1^3!  (1  - cos  A^)j  (n  - A^)/d 
- Ag(h^  + h^d)  - hg  sin  A^/d  + jh^  + hg  (1  - cos  A^)/d  j (n  - A^^). 

finally  yielding,  nd/2  - n - sin  A - (n  » A)  cos  A* 

In  short,  on  account  of  the  excess  currents  involved,  this  value 
of  gain  is  not  realizable*  We  will  compare  the  relative  merits  of  the 
two  push-pull  circuits  in  more  detail,  in  the  last  section*  It  is  ipterest- 
ing,  however,  to  note  that  aside  ft:om  the  excess  currents,  tliere  is  a re- 
markable similarity  between  the  two,  -jdiich  extends  to  the  transient  re- 
sponse as  will  now  be  slnwn- 


C*  Transient  Response 

Referring  to  Fig*  MRI-13i|lla, 

V *0  - (»b  * ^01  - 

V ’ -*c^cl  * S2-”c  ( V *2b>- 

'0  -HK*  V2  Nc  '*i»*  *16“  »a«-  *2b>  V-**- 

Substituting  and  approximating  exactly  as  with  the  split-feedback  circuit t 
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We  need  proceed  no  further  than  to  note  that  the  parameters  hare  are  the 
sane  as  for  the  other  circuit.  (There  - l/2dN(j'i'j^3^dl/dIc,  but  there 
is  twice  here.) 

D«  Experimental  Work' 

Fig.  MRI-I3I1O9  presents  a curve  (marked  V.D.)  of  output  current 
for  circuit  parameters  corresponding  to  those  of  the  Split  Feedback 
circuits.  It  is  seen  that  the  gain  is  less  as  expected  when  the  bias  is 
not  adjusted  for  maximim  gain  on  account  of  t he  very  large  excess  currents 
which  would  then  flow.  Rxrther  experimental  results  of  this  nature  are 
pospcned  to  the  last  section  idiere  they  are  compared  with  the  resxilts  for 
the  Split-Feedback  circuit. 

Pig.  MRI-UliUb  presents  transient  response  curves  of  the  Pusl>- 
Pull  Doubler  for  various  parameter  values*  The  theoretic^  and  experiment- 
al values  of  the  time  constant  ares 


Theoretical 

Experimental 

iJo.  7A  - ItLse 

0*12  seconds 

0*16  seconds, 

7B  - Fall 

0*12 

8A  - Rise 

o,o5U 

0.0U2 

8B  Fall 

0*033 

VII.  The  ^lit-Feedback  Amplifier  Conpared  to  the  Voltage  Doubler  Anpllfier 
A*  Design  Figure  of  Merit 


To  compare  the  two  circuits,  a Design  Merit  Figure  may  be  defined 
equal  to  the  Power  Gain  of  a circtfit  divided  by  the  Copper  Core  losses. 

For  the  two  airplifiers,  we  assume  identical  cores  and  loads  in  order  that 
this  factor  have  meaning. 

It  will,  be  necessary  to  decide  what  windings,  such  as  the  control 
and  bias,  may  be  neglected  in  calcxilating  tjie  core  copper  losses*  For  the 
V.D,,  the  bias  and  contro3,  windings  Sre  neglected  here,  while  the  latter 
winding  only  is  neglected  for  the  'S.F,  circuit* 

For  the  S*F,  circuit  it  is  very  reasonable  to  asstime  optimum 
operating  conditions  as  they  are  easily  achieved  - that  is,  - I . 

One  must  make  some  assumption  as  to  the  operating  conditions  of  the 
V.D.  circuity  since  adjustment  of  bias  for  maximum  gain  will  result 
in  large  excess  current.  For  this  present  comparison,  we  assume  the 
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hLas  is  such  that  at  zero  control  inpnt^  ^circulating  “ ^m»  that  the 
Power  Gain  is  only  l/l;  the  maxiniuin  Rawer  Gain. 

We  also  take," the  maxiraum  gain  of  tiie  two  circuits  to  'be'eqiwlo 
ttur  theoretical  analysis  have  indicated  this  to  be  correct*  Experimentally 
we  have  found  that  for  circuit  conditions  very  similar,  the  SoF*  circuit 
gain  is  higher  than  the  V.D.  circToit  gain.  These  results  are  presented 
in  Figures  MRI-13Ul2a,  MRI-13ia2b,  MRI-13la3a  and  MEr-13i|13b  inclusive. 

It  is  assumed  that  t he  lower  gain  of  the  V.D.  circuit  la  due  to  the  fact 
that  the  bais  has  been  adjusted  to  reduce  the  large  circulating  currents 
and  with  these,  - gain* 

O 

It  may  be  shoun^  that  for  a constant  winding  area,  the -copper  . 
dissipation  in  the  core,  is  to  a good  approaijaation,  proportional  to 
At  what  point  in  the  cycle  is  the  dissipation,  i.e.,  Ij^ns"  ^ maximum  ? 

Pbr  both  amplifiers  this  occurs  at  t he  quiescent  point,  wAen  = 0,  when 
the  circulating  currents  have  their  highest  values.  The  flow  angle  is 
small,,  the  peak  current  large  so  that  HMS  value  (for  the  same  average)  is 
higher*  This  is  analytically  convenient,  anyway,  for  it  makes  out-  cal- 
culations jlndependent  of  control  current  inppt. 

The  conduction  angle  at  zero  control  input  is  a function  only 
of  M*,  i*e.,  for  the  SoF.  circuit t ' 

( 2/T)  (vyr)  sin  wt  ^0  “ 


wy  '2/"’ ^ ^ "'"o’ “ 

md  the  dissipation  is  K(N^  ^ 


I 


brms 


I 


rms 


at  - 0. 


For  the  Do, abler  Circuit l 

(2/r)  (Vj/**)  wt  “ 1^  resulting  in  Cos  A^J  ••  2t/R^  - 1, 

A ^ 

o 

n (u2a»  + 1/2  sin  2A^), 


and 
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because  ihe  current  flows  in  each  grinding  for  hilf  a cycle  only.  The 
dissipation  - At  r - E,  the  dissipation  is  almost  the 

same  for  both  circuital  whiie  for  r/Rj.  small  (customary  situation), 
the  ration  of  the  dissipations 

S.F.  to  V.D.  - (1  . r/l4R^)  , 

a - r/2s;T 

which  for  ■ .10,  means  lOJt  less  dissipation  for  the  S.F#  amplifier. 
The  limit  as  r/EL.  — > 0,  is  approximately  12^  less  dissipation  for  the 
S.F.  circuit.  Therefore  the  Design  Merit  Fimtre  of  pie  Split  Feedback 
Mpll^^  is  ^re  than  It  tiaes  as  great  as  tnat  of*  the  vbitage  Hou'bler 
t>as)>-t\ill  Ampllifler. 


B.  Sensitivity  to  Bias  Current  Variations 

The  V.D.  Amplifier  circulating  current  at  Ig  * 0,  is  very  sensitive 
to  Bias  current.  A decrease  of  z<3(>  in  the  bias  current  will  cause  an  approsi- 
mate  increase  in  the  circulating  current  of  the  Gain  times  This  is  a 
serious  matter  and  necessitates  conservative  design,  since  for  example 
if  the  Current  gain  is  100,  a $%  deofcease  in  Bias  results  in  B times  as 
much  circulating  current,  and  since  the  normal  circulating  current  at  this 
point  has  a minimum  value  of  approximately  Ij^  - the  result  is  for  a 
change  in  bias  current.  The  amplifying  range.'  will  be  affected  by 

In  constrast,  for  the  Split-Feedback  circuit,  if  the  bias  is 
gotten  from  the  line  voltage  which  supplies  the  load  circuit,  then  any 
change  in  line  voltage  affects  and  Ij„  to  the  same  degree,  so  that 
the  range  is  unaffected  while  the  circulating^  current  at  Ig  •»  0,  will  be 
affected  only  to  the  extent  of  x^.  Thus  a increase  in  Bias  current 
will  Increase  the  Circulating  current  by  only.  If  the  two  supplies 
are  independent,  the  range  is  affected  by  xjC/Galn. 


0.  Ease  of  Bias  Adjustment 

It  is  clear  that  the  Voltage  Doubler  circuit  requires  very 
careful  bias  current  adjustment*  If  it  is  too  large,  -vdiile  it  will  reduce 
^circi^ating#  result  in  serious-non-linearitj-'es  in  the  transfer  c 

curve?.  In  addition  the  possible  line  voltage  variations  must  be  consider- 
ed. If  the  bias  is  too  small,  the  circulating  currents  will  be  very  large. 
In  considering  these  factors  and  the  possible  line  voltage  variations, the 
permissible  bias  range  narrows  down* 
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On  the  other  hand  the  bias  adjustment  for  the  Split  Feedback  cir- 
cuit is  simplicity  itself.  One  can  find  very  eaSily  and  then  makes 
Ix  “ And  if  one  is  off  somev^at,  it  is  not  a serious  matter* 

D.  The  Saturated  Range 

Again  the  Split-Feedback  amplifier  has  superior  characteristics* 
Cbe  can,  by  slightly  sacrificing  output,  pbtain  a constant  output  for  some 
portion  of  the  saturated  range,  or  alternatively  a slowly  rising  output 
( at  the  rate  of  r/Rj.)  over  some  range,  or  if  maxlDinm  output  is  used,  a 
slowly  decreasing  output,  at  the  rate  of  r/R^,  in  the  saturated  range* 

In  contrast,  the  Voltage  Doubler  oul^t  drops  at  t he  rate  of  unity  in  the 
saturated  range. 


E*  Possible  Disadvantages 

One  of  these  might  be  the  added  complexity,  which  however  is  only 
superficial.*  For  the  same  total  number  of  turns,  four  more  leads  must  be 
b nought  out  - i.e.,  a total  of  10  leads  compared  to  6 for  the  V.D*  For 
experienced  coil  winders  this  is  a minor  matter  indeed* 

Another  disadvantage  might  be  the  fact  that  a total  of  8 recti- 
fier units  (U  per  bridge)  are  needed  as  compared  to  I4,  units  for  the  V.D* 
However,  each  of  these  units  in  the  S.F.  circuit  has  a very  low  inverse 
voltage  applied  to  it  (zero  for  or  R^j  ■ O)  and  so  may  consist  of  one 
plate  only*  The  inverse  voltage  for  t he  V.D*  is  easily  seen  to  be  "ir" 
and  the  instantaneous  mariitium  value  of  this  depends  upon  >d’  since  <i* 
is  greatest  at  zero  contnlil  current.  If  *d*  is  small,  the  r.m.  s.  value 
of  the  current  is  greater,  even  though  the  peak  value  is  smaller  - so 
that  it  is  quite  likely  that  one  plate  will  not  suffice* 

In  addition,  in  the  amplifying  range,  the  maximum  value  of  the 
RMS  current  through  each  rectifier  is  less  (considerably  less  for  r/lU 
small)  for  the  Split-Feedback  amplifier  than  for  the  Voltage  Doubler.^ 

Fot  exan?)le,  for  R^r  - 10,  I^^^  5,5.^  rectifier)  - 0*35 

(of  V.D.  rectifier).  Therefore  as  far  as  heating  ratings  are  concerned, 
for  this  value  of  R^/r,  the  S.F*  rectifier  need  have  only  I/3  the  ratings 
of  the  V.D*  rectifier.  It  is  quite  likely,  thus,  that  even  in  this  respect, 
the  S.F*  circuit  compares  favorably  with  the  Doubler  circuit. 
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APPBfmX 


Data  for  Fig,  MRI-13U00* 

I - 1^30  m.a.  1^-  300  nua.  N - N - M.  - 1*00 

\/r  - li.6|  I32-  lai+  2(N/iJ^)(R^r)(I^-  - I^+  2 x 1*.6  x 130  - 1200m. 

gig.  MRI»a3l*00^ 

- 250j  Ix  “ 300  nua.  R^/r  - l*.3j  IjJ  - lOT^m.a.  d - 1.8 

I - ^5  “ ^sU  ♦ (N^V  bNy  - + 2(150  - l/2  250). 

Rate  of  decrease  of  I ■ (N^/N)  x l/(^  + " V(3./2  1^»3)  • 0.2 

gig.  MHE-13l*00c 

Limit  of  Amplifying  range  at  I - ( 21^  - lyX/R^)/(.  2 - 
= 266  - lfe.l|/312/(2-l/3«2)  - 13&n.a.  - 55.2  A.T. 

Increases  until  I - 1^^^  at  “••• 

^c^</2  ~ ho  X 0.21  - 8.1*  A.T. 

Rate  of  decrease  thereafter  ■ l/(b  ♦ R^r)  “ 1/3*7  • 0.27 

gig.  MRI-1339I* 

0. 

N “ ■ I*00|  - 100.  r - 9.0  + 2r^^  (rectifier  forward  res.) 

R - J.09  + 2r^2*  ^x  “ lOOAoO  x 1*83  - 2l42m«a. 

\ ^ • 

Limit  of  Amp.  Range*  (70  nua.).  r^  (at  70  nua.)  f 7*l*s  r •*  2k$  R * 12li^ 

R|.  - 11*8,  - 96  m.a. 

h - - V »iAA>  (1  - 

Rate  of  slow  increase  and  decreasei  Tf  (on  basis  of  100  m^a.)  ■ 5*5  therefore 

- UjD,  r^  on  basis  of  - 2.5,  r - ll*j  “ 0*10. 
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A2 


Fig«  MRI-13395 

I I , I p 2 X 100  X 1^3AoO  - 76  which  is  amp*  UMt. 

m X X 

Limit  of  saturation  and  beginning  of  decrease  of  att 

y N/rtl^  -78  + 2 (103  - 78)  lliO/m  - 571  nua* 

Fig.  MRI-131;06 

* /#  as  function  of  N I from  half-^ave  circuit  t 
O'  8 CO 

Ri  ■ R + - 98  + lyr-«  I ■ 120  nua*  V„  ■ 1/7”  I6  ■volts* 

b 1 1 m m 

I is  variable  on  account  rf  is  a ■variable*  The  a^verage  currents  are  used 
to  find  r^. 


I 

^f 

V*. 

1 

o;u 

59*8 

120 

.997 

•995 

2 

0*8 

58*3 

120  ' 

*97 

.95 

3 

1*2 

57.7 

120 

.96 

.93 

u 

' 1*6 

56.0 

120 

.93 

*88 

5 

2.0 

U9.0 

6.0 

118 

*83 

•7 

6 

2.I1 

32.0 

8*0 

111 

*58 

.29 

7 

2*8 

12/7 

18.0 

85 

.30 

-*18 

7*21 

2.88 

7.6 

28.5 

57 

CM 

• 

-.23 

L o / Ah 


.80  + 


.0*97 


Similarly  for  the  other  -two  curves  in  this  Figure* 


Tig*  MRI-I3U07 

Experimental  100^  series  feedback  run: 

N - - U00|  Np  - lOOj  R^  - 163  ♦ 7.3  t 2r^*  At  I - 1^0*  - U* 

17on 

Average  output/anp-tum  input  - giving  theoretical  values* 

Experimental3y  - 100  - ll*6/(2*2  - 0*p)  - 70* 


\ 
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Fig«  MHE-13U09  Curve  1 

= 2(100/U00)  X 200  = 100  m.a.5  » 2$/l9  -1.3 

R « 100,  r « 13  + “ 35.  d « 1 + 100/135  - 1.71; 

sin  A^«  200/266  - 1 - 0*2 j l/2  (n-A^)  cos  A^+  sin  A^/krt§g*0.1;^. 

Fig»  MHr.l3l;09  Chirve  2 

I « 200.  I >I  . All  other  parameters  as  for  Curve  1* 

X X m 

cos  Ag  =>  2(1^-  \)  (2  - d)/lj^d  - 1 = - 0.9U 

W ff  (I„)  - y 2 - d)]/d  - 160  m... 

Fig.  MBl«13laQ  No.  la 

R - 86  + 30  - ll6j  r - 13  + 50  - 63.  - 26l  9*7/N^  - k9 

where  R^  = 261,  and  R^^  « 9.7* 

Theoretical  Time  Constant:  L » l/2N  d$_/l  (dl/dl_)  ■ 

c in'  m c gj- 

- 0.52  10“^  295  X 57/2  » U.38  H.  ® 

■ U.38/1;9  “ 0.09  seconds,  etc. 


R-330-^3,  PIB-266 


EEEZZOQRAPHI 


(1)  Milne.  A.G«t  Magnetic  Ai«pllflerB»  Proc.  lEE,  Part  p*  d9, 
(19U9)* 

(2)  Gale  and  Atlcinaont  A Theoretical  and  Experimental  Study  of  the 

(5)  Series-Connected  Magnetic  Anpliller,  Ibid,  9^  Part  1,  p*  99 
(19h9)» 

(3)  Sndth,  E.J.J  A Study  of  Self-Saturated  Magnetic  Aaplifiers,  Part  1, 
MHT  Report  H-229-1a9,  PIB-17U,  p.  7,  Cec.  30,  19^9. 

(li)  Smith,  E.J.  I A Study  of  Self-Saturated  Magnetic  Anplifiers,  Part  3» 
MET  Report  B-231-$0,  PIB-I76,  March  2?,  19^0. 

(6)  Roman,  S.t  A Cyclic  Integrator,  MEE  Thesis,  Polytechnic  Institute  of 
Brooklyn,  May,  195l» 

(7)  Srkman,  A«t  The  Steady  State  azid  Transient  Analysis  of  the  Doubler 
and  Phil-Wave  Magnetic  Amplifier,  MRI-Report  R-260-51,  PIB-201,  p*5, 
Oct.  25,  1951. 

(8) .  ReTiier,  J.H.t  The  Magnetic  Anpllfler  (Book),  Stuart  and  Richards, 

LondCn,  p.  80,  19^* 

(9)  Kabrlsky,  M.J.t  The  Use  of  Magnetic  Amplifiers  to  Drive  Two-Phase 
Servo  Motors,  MEE  Thesis,  Polytechnic  Institute  of  Brooklyn, 

Qiapter  3#  and  Figs.  l5  to  I8,  June,  19$2. 


SPLIT- LOAD  CIRCUIT 


2-TERMlNAL  LOAD  CIRCUIT 


laaaBBaaaBaaBaaBaBaaaaiiBaMaBiaaBaaaiHBiiaBiiaHiiiiBBiEiiir 

laaBBaBBBaBBBBBBBBBBBBBBiflBBBBBiBBBBr 

1 BBBiBBBBBBBBBBBiBBaiBBBBBar 


iBBBBBBaaBBBBBaBBBBBBBBBaBBBBBaaBBBB 

laBBaaBBaaaBBaBBBBBBBBBBaBBBBBBBaaBaaBaBBBBBBBBaBBBBiBaBBaai 
Ibbbbb  BBB. 


BBBBBaBBBBBBBBBBBBBBl 

bbbbbbbbbI 


^BBaBBaaaBBaBBBBBBaaBBBBBaBBBBBI 

BaBBBBBBBaBBBBBBBBBBBBBBBBBBBflaBaBaBBBBBaBaBaBiBBBBBBEBEBBBaBBBBBBBaBBBBBBBBI 

SBBEaBBaBBaBBBEBEBBBBBBBBiaBBiBBaaaBaaBBBBaaBBBBBBBEBEBEBiBaBBBBBBflBBBaBEBBBBBBaaBBaa 

BBBaaBBB|BBiBBBBBBBBMl1l||IHflmiiBinililHiailBBBariaBllk1iii1|rai3liaaaBril9'i1ll'IBIIIiMII«ai'»'BBaBBBaaBBBBBB. 

aBBaaBBBaBBBBaBaBBBaBBBBBBiiflsiiaui.iiiBaijaLiuaaMaBBBflBaitB!iii;liaiieaBaBaiiii<(iaaiiiiaiiai4'BBBBBBBBBBBBBB| 


laiaaa aBaaBaBBaaaBBaaBaBaaaBaBi 

iBBaEi 


Ibbbbb  BBaaBBBBBBBBBBB 
Ibbbbb  BBaBBBBBBBBBaaB_ 

1 BBBBBliBBBBBBBBB 

I bbbbbBEbbbbbbbbb. 
I BiBBBBBaBBBBBaaa: 


!iai»Bi 

^ ^_JBiaBBaaa|BflBBBBBa|BBBBBBBBBBBaaiBBiaBBBBaBBBBBBaa| 

iBBBBBBBBBBBBBBBBBBBBBBBaaBHBBHBHllillilKBaBBBBliB^KNBlFrriBBiBaaEBEnnnRBTSrBBIfnBBVBBBBBBBBBBBBaBBal 
Ibbbbb  BBBBBBBBBBBBBBBBBBBBBrieBiiBPBBtjnBBBnBaMl^iBfij  ’iilBEBBBBBBtnmiiiaBlitlvhiBBJ/BBaBBBBBBaBaaBBal 
iBBBBB’BBBBBBBBaBaaBBBBBaaaBaBiBaBaailUBBBVaBBBBBiBaaBBBBBBBBBBBBBBBaBBBaBBBBBaaBBBaBaaBBBaaBl 
|BBBBB'aBBBBBBBaBaBBaaBaBBBBBBaaBaBBBBBaBaBBBBaBaaBBBBBBBBBBaBB9rrB>SBan*SiniI«RBra«S!T9R>9BBBBBa| 

■ lBBBBBBBBBBBBB£-iaiiBB'i'l'RHl|lflll|M|!irJa-|.iBiSBBBBBBl 

iBBBBBBBBBBBBBBaBBaaBBBaBBBBaBaBBBaaBBaBBBl 

JBBBBBaaaBBBBBaBBaBBaBaBBBBBaBBBBBBBBBBBBBl 

IBBBBB BiBBBBBBBBBBBBBBaBBBBBBBBBBBBBaaaBBaBBBBBBaiBiBBBBBBBBBBBBBBBBBBaaBBBaaBaBBaaBaBBBBBBl 
|BBBBBBiBBBBBaBBBBaaaaBaBBaB.BBB?IIB|iBBill»y4BBaaBPaBR|ini>'ir.nBBBBBBBBBBBBBaBaBBBBBBBBBBBaaBaBBBBBl 
lBBflBBBBBBBBBBBBBBBBBaBBBBBBKniMBhB£»M.NL<l'JBBBil2BailllUll>iBBBBBBBBBBBBBBBaBBBBBBBaBBaBBBBBBBBal 
Ibbbbb BBBBBBBaBBBBaBBBBBBaBBaEBBBBBBBflaaBBBBaEBSiBBBBaBBaBBBBBBBBaBBBaBaBBBaBBaBBBBBBBBBBaBal 
Ibbbbb BBBBBBBBBBBBgaBBBBaBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 

Ibbbbb  BBBBBaaaBBBBaaaBBBaaaBBBBBaaBaBBBBBaBaaBaaaBRBBBBBBBBBBBBBBBBBBBBaBBBaBBBBBaBaBBBBBBB| 
Ibbbbb  BBBaaBBBBBBBBBaBBBaBBBBBBBBBiBBaaBBBaaSBBflaBBBBaaaBBBBBBBBBBBBBaBaBBBBBBBBBaaBBBaBBBBl 
BBBBBBBBBBaBBBBBBBBBBBaaBBBBBaBBBEBBBBaBBaBBBBaBBBBBBBBBBBBBBBBBBBBBBBBBBBaBBBBaaBBBBBBBBBl 
BBB93BBBBBBBBBBBBiBBBBBBBBaBBBBBBBBBBaBBaBBBaBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBaBBBBBB| 
aBtlttriBBaBBBBBBaBaEBaBBaaBBBaaBBaBBBBaaaBaBBBBBaBBBBBBaBBBBEBBBBBBBBBBBBaaBBBBaBBBBBaBBBaBal 
BBBBB aBBBaBaBBBBaaBBiBaBBBBaaBBBBaaBaaBBaBBBBaaBBBBBBBBBBaBBBBBBBBaaBaBBBBBBBBBaBBBaBBBBBal 
BBBBB bbbbbbbbbbbbbbbEbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbEbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbI 
BBBBB aBBBBaBaBBBBEEBBBBBaBBBBaBBBBBBBaBBBaBBBBBaBBBBBBBBBEBBBBBBBBBBBaBBBBBaBBBBBBBBBBBBBBl 
BBBBB  BBBBBBaaaBBaBBBBBaBBBBBaBBBBBBBBBBBaBBBEBBBBBBBBBBBBBBBBBBBBBaBBBBBBBaBBBBBBBBBBBBBBBl 
BBBBB  BBBBBBBaaBBaBBBBBBBaBBBaaBaBBBBBBBBBaBBBBBaBBEBBBBBBBaBBBBBBaaBBBBBBBaBaBBaBaBBBBBB!ilB| 
BBBBBBBaBaBBBBaBBaaBaBaBBBBBBfliBBBBaBBaBBBBBBBBBaBBBBBBBBBaaBaBBBBBBBBBBBBBBBBBBBBBBBBBSIBEll 
BBBBB  BBBBBBiBBBBBBBBBBaBBBBBBBEBBaBBBaBBBBEBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBaBaBaBaBl 
BBBBB  iBBflBBEBBBBBBBBBflBBEBBBBBBBBBBBBBBaBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBr«;<BSIBB| 
BBBBB  EBBBBBBaBBBaBBBBEBBBBBBBaBBilB?Bi'’lBlii'lli;VlaBB'U  ■r>BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB'itBBBBB| 
BB'.IUrBBBBBBBBBBBBBBBliBaBaBaaaBBBlUIBBIIBflliBlliml'BaB'.IBBa.IBBBBBBBBBBBBBBBBBBBBBaBBBBBBBRBBBBBBal 
BBBBB  BBaBBBBBBaBBaBBBaaaBaBBaaaBBBBBaaaBBaaBaaBaiBBBBBBBBBBBBBBBaBBBBBBaaaBBBBBBar.aRBBBBBa| 
BBBBBBBBaBBBBBaiBBaBBBaBBBBaBBBaBBBBaBaBBBBBaEEBEBBBBBBBBBBBBBBBEBBBBBBBBaBBaBBBRBBBBBBBBBl 
BaBBBBBBBBaaBBBBBBBBBBBBaBBBBBEBiBBBaBBBBBBBaBaBaEiBBBBBBBiBBBBBBBBBBBBBBBBBBBBaaaBaBaBBBBl 
BBBBBBaBBBBBBBBBBBaBBBBBBBBBaBBa|ai|IIRariBlaBaB«BB.BB.El'BBBBBBEBBBBBBBBBBBBBBBBBBBaaiSaBBBBBBBB| 
aaaBBBBBBaBBBBBBBBBBaaBBBBBBBBaaiBliliaBKBBaBaailBB'ariKBBBBBBBBBBEBBBBBaBBBBBBaBBISBaaBBBBBBBBal 
.BBBBB  BBBBBaaBBaBBBBBBBaBBBBBBBBaBBaBBaaaBBBBBBBBaaBBBBBBBBBBBBBaaBBBBBBBBBBBi&aBBBaBBBBaaBBl 
Ibbbbb  aBaBBBBBBaaBBBBBBaBBBBBBBBBBBBBBaBiBBBBaBBaaBBBBBBBaEBBBBBBBBBBBBaBBBBMBaaBBBBBBBBBBl 

IBBBBBBBBBBEBBBEBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBSlBeiBBBBBBBBaBBBal 

■BBBBBBBBBIBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBSIBBBBBBBBBBBBBBI 


Ibbbbb BBBBBaaBBBBBBBBBBBBBBBI  

Ibbbbb  BBBBBBaBEBaBBBEBBBBBBBBBBBBBBIBBBBBBBBBBBB. . 

|BB;£<!VBBBaaBaBBBBaaaBBBBBBBBBBBBaBBBBBBBBBaaBBEaBaBBBaBBaBBBBBBBBBBBaBaBBBBaBaBaBBaBBBaBBBB| 


|»»s88::Rs::»ss»ssas»8::88::s8H888SH8S88SHSs:s8SS»SB;s»8S88ssssii:sK^^ 

Ibbbbb  BBaaaBaBaBflBBBBBBaBaaBBBBBBBBiiBBBBBBaBBiBBEBBBBBBiBBBBiBBBBEBaRBBBBBBBBBBBBBBaBBBBBBl 
Ibbbbb BBBBaaiaB|BBBB|BflBBaBflBB|EaBaBBBBBaBBBBBEBBBBBBBBBiBBBBEBBBBBV;:BRBRBBBBBBBBBBBBBaBaBa2 
laflBaaflBBaaBEBBEBaaBBBBBflBBBaaBBBaBBBBBaBBaBBEBBBBaBaBaBEBBBBBBBBaBaaRBBBBBBBaBBBBBBBBaBBB'^l 
■ -laBBaBRBBaiaaaaaBBBBBBBaaBBinil 

iBaBB^IBBaaaBBBaBBBBaBBBBBBBt^BBEI 

. JBBBaaSBBaBBBBBBBBBBBBBBBBRr^EIBBBl 

1bB'<.*i  BBBaaaBBBBBaBBBBBBBaaBBBBBBBBBBBBBBaBaBBBBBBaBBBBBBBBaaa9B>iBBBBBBBBBBBaBBBBBaBar<BBBBB| 
Ibbbbb  BBBBBBBaaBBBBBBBBaBBaBBBBBBBBBaaBBBBBBBBaaBBBBBBaBBBBBBSIBSiBaBBBaBaBBBBBBBBBBBB^'aBBBaa  I 
Ibbbbb  BBBBBBBBBBBBBBBBBBBBBBflBBBBBBBBaBflaBBBBaBBBBBBBBBBBBBBilBBBBBaBBBBBBBBBBBBBaBfl):i!!lBaBBBB| 
Ibbbbb  BBBBBBBBBaBBBaBBaBBBBBBBBBBBBBBBBaBBBBBBlIBBEBBaBBBBBRiiBSIBBBBBBBBBBBBBBBBBBBB^BBBBBBBBl 
Ibbbbb  BBBaBBaEBaBBBBBaBaBBBBBflBBBBBBBaaBaBBBBBnnBBBPBBBBBRBBaBBBBBBBBBBBBBBBBBBBB^^BBBBBBBBl 
Ibbbbb  BBaBaBaBBBflBEBBaBaBBBBaBBBBaBBBaaaaBBBliBUB>!Baati"aaBBHBaBBBBBBBBBBBBBBBBBBPiaBBBBBBaaB| 
Ibbbbb  aBBBBBBaaBBBaBBBfBBBBflBBBBflaBBBBBBBBBBBiBaBBBBaBBRBBBBaBBBBBBBaBBBBBBBBBB^^BBBBBBBBBal 
Ibbbbb  BBBBBBBflaaBBBBaBEBBBBEBBBBBflflBBBBBBBBBBBBBBBBEiBISaRBBBBBBBBBaBBaBBBBBBBB^BBBBBBBBflBBBl 
Ibbbbb  BBBBBBflBBBBBBBBBBBBaBiBBBBBBaiBBflBBBaBBBBBEBBBfi^BR  BBaaBBBBBBBBBBB  BBBBBB^^BBBBBBBBBBBBI 

iBBtfBPBaBBBBaBBBBBIBBaaBBBBEBBBBBBBEr 

iBB'l’i 


PBaBBBBaBBBBBiBBaaBBBBBBBBBBBBBBBBBBBBDflaBBBaBB^BBaBBBBBBBBBBBBBaBBBBBB^lIiBBBBBBBBBaBBBl 
• BBBBBBBBBBBaEBaBBaBBBBBBaBBBBaaaaBBBBBBBBBBBB^BRBaBBBBBBBBBBBBBBBBBBBIiliBBBBBBBaBBBBBBl 


|BBBBBBBBBBBBB«aBliBBB8i8BBaBBBBaBBBBBBBBBBBBBBBBBS<BEiBBBBBBBBBBBaaBBBBBBBa>i*9BBBBBBaBBBBBBBBB| 
Ibbbbb  BBaBaBB^Br*'BB9BBEflBBaBflBBBBBBBBBBB|BBBBBBBBBBBBBBBEBaBBBIBBBBSBaBB^UBBBBBBBBBBBBBBaB| 
Ibbbbb  BBBBBBC;aaaBBBS;7BBaBBBBBBaaBBflBBBBBBBBBBa»!iB9BaBBaBBaBBBBL?!BBBK!i<l>"^EaBBBBBBBBaBBBBBBaB| 


Ibbbbb  BaBBB'^BBBBBBflBBKSaBBBBBBBBBBBBBBBBBBBBBVRBIilBaBaBBBBBBBBBBBBBBBBHEBBBBBBBBBaBBBBBBBBBBl 
Ibbbbb  BBBB^BaBBBBaBBBBflBIliPPBBBBBBBBBBBBBBaBaRBBBBBaaBBBBBaBaBBBBBBBBBrii^BBBBBBBBBBBBBBBBBBBBl 
Ibbbbb  BBB9BBBBBBBBBBBBBBfi«;>:;BBBBBaBBBBBBBBBBRBBilBSaBBBBBBBBBBBBBBBaBB^>jaBBBBBaBBBaBBBBBBBBBBl 
Ibbbbb  BBaBBBBBBBBBiBaiBBflliBBSIBBBBBBBBBBBBBBaRilBBBBaBBBBBBaBBBBBBBBBEEBBBBBBBBBBBBBBBBBBBBBBl 
|arKf!9BBBBBBBBBBBBEBBEBBBBBflflSBBBflBBBBBBBISBBBBBBfBBBBBBBBBBBBBBBBBl&BBBBBBBBBBBBBBBBBBBBBBBB| 

|BBBBBB9BBBBBflBaBBBBaBBBBBaBBB9BS<aBBiBaaBEaBaaBBBBBBBBBBaBBBBBBBERBBBBBBBBBaBBBBBBBBBBBBBBa| 
Ibbbbb  BBanBBBBBBBBflf 


1 BBBBB  B9BBBBBaBaBBaBaBBBBaBBBB9BS<aBBfBaaBil . 

llBBaaBBBBBBBSBlSBBiBaBBBBBBaBBaaBBBBBBaBBBBBBriEaBBBBBBBBaBBBBBBBBBBBBBBBBl 


Ibbbbb  BBBSiaaBBBBiBBflaBBBBBBBBBaBBBliiBBaBBBBBBBBaBBBBBBBBBBBBBBBEBBBBBBBBBBBBBBBBBBBBBBBBBBBBl 
Ibbbbb  BBBB9i«BBBBEflBEaBBflBBBflBB|BBBSIKSlBaBBBBBBBaBBBBaBBBBBBBBBEnBBBBBBBBBBaflBBBBBBBBaBBBBBflB| 
Ibbbbb  BBBBBaiBBBBBBaBBBaBBBBBBBBBBBBfBaBaBBBBBBaBBaBBBBaBEBEBEr.BBaBBBBBBBBBBBBBBBBBBBBBBBBBal 
iBBBBBBaBBBBRMBBBBaBBBBflBBaBBaPSS-r^  JES==±5==:"*PRBBBBBBBBBBERBBaBBBBBBBBBBBaaBBaBBBBBBBBflBa 
|BBBBBBBBBBBB!«9BBBBBBBBflBBEBSS':a«flBBBBEBBaBBfiBriBS=5*paaiSS-====9"BBB9BBBBBBBBBBBBBBBBBaBBBB, 
|■BBBBaBBBaBBBB9BBBBBBBBB>'<iSlBBBBBBBBBBBBBBaBBBBBBBBBBBB■R^!iRS=5BBBBBB&B■■»£S==r==P■■■•■IBBaB| 
iBBBBPBBBBaBEBBaSBBBBBPr^'SSSBBBBB^lBBiiBBBBaBBBBaBEEBBBBaEr.flBBBBBBBBfiaBBSPBBBBBBBBBBBBBMBBai 
iBBPSlEBBBBBBBBBaaRaBBaBaailBSBaSSBiUUtUSillUBBBBBBBaaBBBBBBEr.BBBBBBBBBBBBBBBBBBBBEBSrBBPBBBBBBBi 
Ibbbbb  BBBBBaBBBaaBRRBBaaBaBBBBBBBBBBBaiaBaBBaBBaBBBBBBEr.aBBBBBBBBBBBBBBBBBBBBBaaBBBBBBBBBBBi 
Ibbbbb  BBBBBaBBBBBB%9BBBBBaBBBaBBBEBBBBBBaBBBBBBBBBBBBEP)BBBBBBaBBBBBBBBBBBBBBBBBBBBBBBBBBBBB| 
Ibbbbb  BBBBBBBflBflB9B!IBBBBBBBBBBBBBBBBBBBBBBBBBBBBflBBBriiRaBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBa| 
Ibbbbb  BBBBaBBBP.i'^BBaBBaBBBBflBaBBaflBBBBBBBBBflBaBaflBBERBBBBBBBBBBBBBBBBBBBBaBBBaBBBaBBBBBBBBBl 
Ibbbbb  BBSaBBBB’J>SiBBBBBB9aBBBBBBBBBBaBaBBBBBBaBBBaBBEKBBBBBBBBBBBBBBaaBBBBBBBBBBBBaBBBBBBBBBB| 
Ibbbbb  BBBBBBBKi'iiBBBBBaBNBaBBBBflaaBBBBaaBBBBBaBBBaBEflBBBBBaBaBaBBBBBBBBBaBBBBaBBBBBBBBBaBBBBBl 
Ibbbbb  BBBBBBBKBBBBBBBBBilBBBflBaBBBBBBaaBBBBBBBBBBERBaBBBBBBaBflBBBBflflBBBBBBBBBaBBBBBBBBBBBBBBl 
Ibbbbb  IBBBBBrBBBBBBBBBaBSiaBBEflBBBBBBBBBBBBBBBBaERBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBaBBBBBl 
|BBB’I9iBBBBBiliBBBBBBBBBBBBSflflBBBBaBaaBBBBBBBBrtr:.RBaBBBBBBBflBBBBBBBBBflBBBBBBBBBBBBBaBBBBBBBBB| 
iBBbU'J  BaBBB'iBEaaBBBBBBEBBBaNaaBBBaBBaaaEBaBaBEiiaBBBBBBaaBBBBBBBBBBBBBBflflBBBBBaBBaBBBBBBBBBBl 
Ibbbbb BaBBB'aaaBaBaaaaBBBaBBBaBaBBBBBBBaBBBaaEiRBBBBaBBBBaBBBBaaaaBBBBBBBBBBBaBaBBBBaBBBBBBBal 
Ibbbbb  BBBB'^BBBBBBBBBBBaaaBBBBaBBBBBBBBBBaaBi^iRiaBBBBEBBBaBaBBBBBBBBBBBBBBBaBBBBBBBBBEBaBBBBBl 
Ibbbbb  BBBflBBBBBBBBBBaaBaBaBBBBSBBBBBBBBBflB^RBiBBBBlaBBBBBBBBBBBaaBBBBBBBEBBBBBBBBBBBBBBBBBBl 
Ibbbbb  BBE^iBBBBBBBBaBBBBBBBBBBBBSBBaBBBBBBMBBEBBBBEBBBBBBBBBBaBBBBBBBBBBBBBBBBBBaBBBBaBBBBBl 
Ibbbbb  BBtiaBBBBaaBBBBBBBBaBBBBBB!«aBBBBBBB>SiRaBBBBBaBBBBBBBBBBBBBBBBBBBBBBBBBBaBBBBBaBBBBaBBBa| 
Ibbbbb  aB'BaBBaBBaflaBBBBBBBBaBBBBBB3BBaaa^RBBaBBBaBBaBBBBBaBBBBaBBBBaaBBBBBBBBBBBBBBBBBBBBBBa| 
Ibbbbb BrBMaBaBBBBBBaBBBBBBBBBBBBBiB3aBB9B«aBBBBBBBaBBBBBBaBBBaBBBBBBBBBBBaBBBaBBBBBaaBBBBaaB| 
Ibbbbb  a’iaBBBBBBBBaBBBBBBaBBBBBBBaBa39S«RiBBBBBEBBBBBBBBBBBBBflBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBaB| 
Ibbbbb  PBBBBBBBflBgBgBaBagBEBBBBBflBBBJ^RiaBBBBBagSBBBBBBBBBBBBBBBBH 

laailiPia  ■■■■■■■■■■  ■■■■■■■■■■■■■■■■■■■■■■■■■■■PnaaBaBgHuaHBUaaiBaaaBnaHaaaaBMBBBBaBaB . _ 

|BBBBlBBBBBBBBBn9aaBBBBir«fr:3BBBBBBB«1?''<'iaBaiB»3'jEtliiBBEBU.I'f^inBBBBa'SK'fk''BBBBBa'!iRT<t'BaBBBBa9P’<<'inBBBa 

Ibbbbb  aBBBBaaBE:.'34aBBBBBii:&ilBaaBBBB'ii«KBBBBBBBMBBiEBBiaiBBflBaBBBBHBaiBBBaBBljiliBBBBBBaBBBBBflBBBB' 
Ibbbbb BBBBBaBBBBBaBBBBBaBBBBBBBBBBBBBBaBBaBEBBaBBBBEBBEBBBBBBBBBBBBBBBBBBBaBaBBBaaBBBBBBBBB 
iBBBBmBBBBBBBBBBaaaaBBBBBBBBBBBBBaaBBaBBBBBBBBaaaaBBBBaBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB: 

l.BBIIBEI!BBi!IIBIilBBBBIIBBI!B.BB.IBIB-BIIII.BB.BBII.g..SB...B..............« 
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■•■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■a 

l■BaBBaBBBBBBBBBBBBBBaBaBBaaBBiBBal 

■■aBBBBaBBBaBaaBBBBBBBBBBBBBBBaBBBBB 


IBBBBBBBBBBBBBBBBBBBBBBBBBBBBl 


BBiaiBBBBaaBBBaaBiiBBBIBBBflBBBa 

BaiilaBBBaBaflBBBBiiBBliBBBBBBBa 

IBaBBBBiiiBBBBaBaiaBBiBBBBiiBBEBBBBaBBBBBBBBaBBBBBBBBBI 
liBBaBailBBBBBBBaBiBaiBBaBBiiiBBBaBBBaiBBBBBBBBflBBBBBBI 
laBBBBBilBBaBBBBBBaBaBBaBBBliiBBBBBBBBBBBBBBBaaaBBaBaal 
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